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and  V/III  ratios  as  low  as  2,420.  Indium  droplets  were  not  observed.  The  maximum  InN  content  achievable  at  45  Torr  was 
-13%.  Increasing  the  deposition  pressure  to  90  Torr  increased  the  maximum  InN  content  to  -23%.  Room  temperature  and 

12  K  PL  spectra  of  the  films  revealed  single-feature,  near  band  edge  (NBE)  emission  with  increasing  full  width  at  half  maximum 
(FWHM)  values  with  increasing  In  fraction.  The  PL  NBE  FWHM  for  an  Ino  23Gao  77N  film  at  12  K  was  103  meV.  InGaN  films, 

0.3  to  0.5  mm  Aick,  in  the  0-50%  InN  composition  range  have  been  analyzed  by  q-2q  x-r^  diffraction,  transmission  electron 
microscopy  and  selected  area  diffraction  for  the  occurrence  of  phase  separation.  As-grown  films  with  up  to  2 1  %  InN  were  single 
phase.  Films  with  28%  InN  and  higher  showed  a  spinodally  decomposed  microstructure,  as  confirmed  by  TEM  and  extra  spots 
in  SAD  patterns  that  corresponded  to  multiphase  InGaN.  Metal-insulator-semiconductor  (MIS)  capacitors  were  fabricated  on 
n-type  GaN  (0001)  films  using  thermally  grown  Ga203,  remote  plasma  enhanced  chemical  vapor  deposited  (RPECVD)  Si02, 
and  MBE-derived  AIN  as  the  gate  insulator  and  A1  as  the  gate  electrode.  Nitrogen-free  polycrystalline  films  of  Ga203  were 
grown  on  the  GaN.  Capacitance-voltage  measurements  of  capacitors  fabricated  from  this  oxide  showed  distinct  depletion  and 
accumulation  regions  with  significant  leakage.  The  AIN  and  Si02  capacitors  demonstrated  better  electrical  characteristics  than 
the  Ga203  because  of  lower  leakage.  The  ^ECVD  Si02/GaN  heterostructures,  in  particular,  showed  good  agreement  with 
curves  calculated  for  an  ideal  oxide;  they  contained  a  small  amount  of  hysteresis. 
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I.  Introduction 

Heteroepitaxy  is  the  growth  of  a  crystal  (or  a  film)  on  a  foreign  crystalline  substrate  that 
determines  its  orientation.  Such  oriented  growth  requires  that  lattice  planes  in  both  materials 
have  similar  structure.  In  general,  an  epitaxial  relationship  is  probable  whenever  the  orientation 
of  the  substrate  and  overgrowth  produces  an  interface  with  a  highly  coincident  atomic  stmcture 
having  low  interfacial  energy  relative  to  a  random  arrangement. 

During  the  past  decade,  nonequilibrium  techniques  have  been  developed  for  the  growth  of 
epitaxial  semiconductors,  superconductors,  insulators  and  metals  which  have  led  to  new 
classes  of  artificially  structured  materials.  In  many  cases,  the  films  were  deposited  on 
substrates  having  a  different  chemistry  from  that  of  the  film,  and  heteroepitaxy  was  achieved. 
Moreover,  layered  structures  with  a  periodicity  of  a  few  atomic  layers  have  also  been  produced 
by  the  sequential  heteroepitaxial  deposition  of  a  film  of  one  type  on  another.  Metastable 
structures  can  be  generated  which  possess  important  properties  not  present  in  equilibrium 
systems.  A  consideration  of  the  materials  under  consideration  for  next  generation  electronic  and 
optoelectronic  devices,  e.g.,  the  III-V  nitrides  show  that  only  a  few  of  them  can  currently  be 
grown  in  bulk,  single  crystal  form  having  a  cross-sectional  area  of  >3  cm^.  Thus  other, 
commercially  available  substrates  must  be  used.  This  introduces  a  new  set  of  challenges  for  the 
successful  growth  of  device  quality  films  which  are  not  present  in  homoepitaxial  growth  and 
which  must  be  surmounted  if  these  materials  are  to  be  utilized  in  device  structures. 

In  addition  to  providing  structures  which  do  not  exist  in  nature,  applications  of  advanced 
heteroepitaxial  techniques  permit  the  growth  of  extremely  high  quality  heterostructures 
involving  semiconductors,  metals,  and  insulators.  These  heterostractures  offer  the  opportunity 
to  study  relationships  between  the  atomic  structure  and  the  electrical  properties  of  both  the  film 
itself  and  the  interface  between  the  two  dissimilar  materials.  They  also  allow  the  study  of 
epitaxial  growth  between  materials  exhibiting  very  different  types  (ionic,  covalent,  or  metallic) 
of  bonding. 

While  the  potential  of  heteroepitaxial  deposition  has  been  demonstrated,  significant 
advances  in  theoretical  understanding,  experimental  growth  and  control  of  this  growth,  and 
characterization  are  required  to  exploit  the  capabilities  of  this  process  route.  It  is  particularly 
important  to  understand  and  control  the  principal  processes  which  control  heteroepitaxy  at  the 
atomic  level.  It  is  this  type  of  research,  as  well  as  the  chentistry  of  dry  etching  via  laser  and 
plasma  processing,  which  forms  the  basis  of  the  research  in  this  grant. 

The  materials  of  concern  in  this  report  are  classified  as  wide  band  gap  semiconductors  and 
include  diamond,  SiC  and  the  ni-V  nitrides  of  Al,  Ga,  and  In  and  their  alloys.  The  extremes  in 
electronic  and  thermal  properties  of  diamond  and  SiC  allow  the  types  and  numbers  of  current 
and  conceivable  applications  of  these  materials  to  be  substantial.  However,  a  principal  driving 
force  for  the  interest  in  the  III-V  nitrides  is  their  potential  for  solid-state  optoelectronic  devices 


for  light  emission  and  detection  from  the  visible  through  the  far  ultraviolet  range  of  the 
spectrum. 

The  principal  objectives  of  the  research  program  are  the  determination  of  (1)  electron 
emission  from  CVD  diamond  cold  cathodes  and  cubic  BN  coated  molybdenum  emitters,  (2) 
theoretical  studies  of  Ill-Nitride  surfaces  and  the  doping  of  these  materials,  (3)  growth  and 
characterization  of  AIN  and  GaN  thin  films,  and  (4)  growth  and  characterization  of  InxGai-xN 
thin  films,  and  selection,  growth  and  characterization  of  gate  insulators  on  GaN  surfaces  for 
use  in  high  power  field  effect  transistors. 

This  is  the  eleventh  and  final  bi-annual  report  since  the  initiation  of  the  project.  The 
following  sections  introduce  each  topic,  detail  the  experimental  approaches,  report  the  latest 
results  and  provide  a  discussion  and  conclusion  for  each  subject.  Each  major  section  is  self- 
contained  with  its  own  figures,  tables  and  references. 


2 


Electron  Emission  from  Diamond 
and  Cubic  Boron  Nitride 


II.  Electron  Emission  from  CVD  Diamond  Cold  Cathodes 


Peter  K.  Baumann  and  Robert  J.  Nemanich 
Materials  Science  Division,  Argonne  National  Laboratory,  Argonne,  EL  60439,  USA 
Department  of  Physics,  North  Carolina  State  University,  Raleigh^  NG  27695-8202,  USA 


15.1  Abstract 

15.2  Introduction 

15.3  Electron  Affinity  and  Negative  Electron  Affinity 

15.3.1  Definition  of  Electron  Affinity  and  Negative  Electron  Affinity 

15.3.2  Techniques 

15.3.3  Surface  Termination  Effects  due  to  Molecular  Adsorbates  on  Diamond 

15.3.4  Metallic  and  Oxide  Layers  on  Diamond 

15.4  Field  Emission 

15.4.1  Description  of  Field  Emission  Process 

15.4.2  Techniques 

15.4.3  Field  Emission  Results  from  Diamond 

15.5  Conclusions 

References 


3 


15.1  Abstract 


This  review  focuses  on  electron  emission  from  diamond.  The  electron  affinity  is  a 
measure  of  the  barrier  to  emission  of  electrons  from  the  conduction  band  into  vacuum.  The 
effect  of  surface  properties  on  the  electron  affinity  of  semiconductors  is  described  in  terms 
of  the  surface  dipole.  In  particular,  it  is  shown  that  surface  adsorbates,  can  affect  the 
electron  affinity  of  diamond,  and  hydrogen  leads  to  a  negative  electron  affinity  while 
oxygen  termination  and  adsorbate  free  surfaces  exhibit  a  positive  electron  affinity.  Thin 
metallic  layers  can  also  lead  to  an  effective  negative  electron  affinity  of  diamond  and  some 
surfaces  are  stable  to  ambient  air  exposure.  Field  emission  is  a  more  complicated  process 
that  appears  to  be  due  to  electrons  in  the  valence  band  or  from  defects  in  the  gap.  Yet,  the 
field  emission  is  dependent  on  the  surface  termination. 
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15.2  Introduction 


Electron  beams  are  fundamental  to  many  electronic  applications  ranging  from 
cathode  ray  tube  (CRT)  displays  to  microwave  or  power  amplifiers.  While  hot  cathodes 
are  suitable  for  many  applications,  the  development  of  cold  cathodes  could  lead  to 
improved  performance  in  many  existing  applications  and,  more  importantly^  to  new 
technologies  including  vacuum  micro-electronics,  flat  panel  display  technologies  and  new 
types  of  microwave  amplifiers.  A  new  approach  being  considered  for  these  applications  is 
to  employ  semiconducting  materials  in  which  electrons  in  the  conduction  band  can  be 
emitted  directly  into  vacuum  without  overcoming  an  energy  barrier.  This  property  of  the 
semiconductor  has  been  termed  a  negative  electron  affinity  (NEA). 

The  first  evidence  of  this  possibility  was  reported  for  diamond.  Himpsel  et  al.  [1] 
and  Pate  [2]  reported  a  high  quantum  efficiency  for  photoelectron  emission  from  (111) 
surfaces  of  natural  diamond  samples.  It  was  concluded  that  these  surfaces  did  indeed 
exhibit  a  true  negative  electron  affinity,  and  hydrogen  termination  was  found  to  induce 
induce  this  effect  on  the  (111)  surface.  These  studies  first  highlighted  the  potential  of 
diamond  as  a  cold  cathode  source  material. 

As  diamond  film  deposition  techniques  have  been  developed  since  the  first 
photoemission  studies,  there  has  been  substantial  interest  in  studying  the  potential  of 
diamond  as  the  emitting  material  in  electron  emission  structures  and  devices. 

Cold  electron  emission  from  metals  by  means  of  high  electric  fields  (i.e.  field 
emission)  has  been  studied  for  many  years. [3]  And  it  has  been  known  that  low 
workfunction  metals  emit  electrons  more  readily  that  metals  with  a  higher  workfunction. 
The  emission  process  for  a  semiconductor  is  more  complicated  than  for  a  semiconductor. 
Considering  a  semiconductor  electron  emission  structure,  electrons  must  be  supplied  to  the 
semiconductor  and  then  extracted  with  by  an  electric  field  at  the  surface.  The  field  emission 
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process  then  involves,  injection  of  electrons  from  an  electrical  contact  into  the 
semiconductor,  transport  of  the  electrons  through  the  bulk  to  the  emitting  surface  and 
finally  the  emission  from  the  surface  into  vacuum.  The  initial  studies  of  Himpsel  et  al.  [1] 
and  Pate  [2]  demonstrated  that  unlike  metal  surfaces,  the  emitting  surface  will  not  limit  the 
emission  for  hydrogen  terminated  (111)  natural  diamond  surfaces. 

In  this  report  recent  studies  pertaining  to  electron  emission  based  on  diamond  are 
reviewed.  The  relation  of  the  electron  affinity  to  the  surface  properties  is  presented.  The 
determination  of  the  electron  affinity  by  means  of  photoemission  and  secondary  electron 
emission  is  described.  Results  for  diamond  surfaces  are  reported.  Since  field  emission 
will  be  required  for  most  device  applications,  representative  measurements  are  presented. 
The  complexity  of  the  measurements  are  discussed. 

15.3  Electron  Affinity  and  Negative  Electron  Affinity 

15.3.1  Definition  of  Electron  Affinity  and  Negative  Electron  Affinity 

The  electron  affinity  of  a  semiconductor  is  defined  as  the  energy  difference  between 
the  vacuum  level  and  the  conduction  band  minimum  both  extrapolated  to  the  surface.  This 
corresponds  to  the  energy  necessary  to  excite  an  electron  from  the  conduction  band 
minimum  to  the  vacuum.  We  also  note  that  the  vacuum  level  is  the  energy  of  an  electron  at 
rest  in  vacuum.  The  free  electron  model  essentially  describes  the  band  structure  of  the 
vacuum.  It  is  probably  worth  noting  that  the  electron  affinity  of  the  semiconductor  is 
essentially  the  heterojunction  band  offset  between  the  semiconductor  and  vacuum. 

In  general,  the  electron  affinity  is  independent  of  the  position  of  the  Fermi  level. 
We  make  this  point  since  the  work  function  of  semiconductors  are  sometimes  quoted,  but 
in  general,  the  work  function  may  be  different  for  p-  and  n-type  doping.  For  most 


6 


semiconducting  materials  the  vacuum  level  lies  above  the  conduction  band  minimum,  and 
by  convention  this  has  been  defined  as  the  electron  affinity.  For  wide  bandgap 
semiconductors  like  diamond,  the  conduction  band  minimum  will  be  near  to  the  vacuum 
level.  And  in  fact  in  some  instances  the  vacuum  level  is  below  the  conduction  band 
minimum.  This  case  has  been  termed  a  negative  electron  affinity  or  simply  NBA.  In  this 
case  electrons  present  in  the  conduction  band  have  sufficient  energy  to  overcome  the 
workfunction  of  the  surface  and  can  be  emitted  into  vacuum. 

There  are  many  ways  to  view  the  energetics  of  a  semiconductor  surface,  but  the 
following  is  helpful  in  understanding  some  effects  to  be  described  here.  The  electron 
affinity  of  a  semiconductor  may  be  determined  by  (1)  the  properties  of  the  material  itself  as 
well  as  (2)  the  surface  termination  including  adsorbates,  reconstructions  and  steps. [4]  A 
schematic  illustrating  of  these  effects  is  shown  in  Fig.  l.[5]  The  atomic  levels  essentially 
reference  the  ionization  energy  of  the  atom  to  the  levels  that  broaden  into  the  valence  band. 
Since  the  atomic  levels  are  more  or  less  intrinsic  to  a  material,  they  cannot  be  changed  (but 
alloys  may  provide  a  degree  of  variation).  At  the  surface  of  any  material  effects  can  lead  to 
the  formation  of  a  surface  dipole.  {We  note  that  it  is  difficult  to  define  the  surface  dipole 
exactly,  but  in  much  of  what  follows  we  will  examine  how  various  processes  increase  or 
decrease  the  value  of  the  surface  dipole.}  For  a  simple  free  electron  metal,  the  surface 
dipole  would  arise  from  the  quantum  mechanical  extension  of  the  electron  wavefunctions 
into  the  vacuum  beyond  the  surface.  This  also  results  in  a  positive  layer  due  to  the  loss  of 
this  electron  density.  The  combination  of  the  electron  density  away  from  the  surface  with 
the  positive  charge  layer  results  in  a  surface  dipole  that  effectively  holds  electrons  in  the 
material. 

However,  the  surface  dipole  can  be  influenced  substantially  by  surface  adsorbates, 
surface  reconstmctions  and  steps  on  the  surface.  These  effects  may  either  increase  or 
decrease  the  electron  affinity  of  the  semiconductor.  Ignoring  the  specifics  of  bonding  and 
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charge  distribution,  a  molecular  adsorbate  that  pulls  electrons  from  the  surface  towards  the 
adsorbate  will  increase  the  electron  affinity  while  an  adsorbate  that  contributes  electrons  to 
the  material  will  result  in  a  lower  electron  affinity. 

To  illustrate  the  magnitude  of  this  effect  consider  a  hydrogen  passivated  surface. 
Let's  assume  that  the  average  nuclear  and  electronic  charges  are  point  charges  separated  by 
O.SA.  Then  for  a  surface  density  of  lxl0l5cin-2  a  surface  dipole  induced  energy  shift  of 
about  9  eV  can  be  calculated.  (Certainly  complete  charge  transfer  is  never  a  reasonable 
possibility,  but  this  simple  calculation  demonstrates  the  significance  of  the  surface  dipole.) 
Full  quantum  mechanical  calculations  have  addressed  the  properties  of  the  H  terminated 
diamond  surface,  and  they  will  be  mentioned  below.  Since  the  effect  of  the  surface  dipole 
is  so  large,  it  is  basically  impossible  to  determine  if  a  material  is  "intrinsically  NBA."  Thus 
the  surface  termination  is  critical  in  describing  the  electron  affinity  (or  NEA)  properties  of  a 
material. 

15.3.2  Techniques 

While  UV-photoemission  measurements  first  detected  the  high  quantum  efficiency 
of  electron  emission,  the  technique  of  UV-Photoemission  spectroscopy  (UPS)  is  a  very 
sensitive  method  to  determine  whether  a  surface  exhibits  a  NEA  or  to  measure  the  positive 
electron  affinity.  [1,2]  In  this  technique,  the  incident  light  excites  electrons  from  the  valence 
band  into  states  in  the  conduction  band.  Some  of  these  electrons  quasi  -  thermalize  to  the 
conduction  band  minimum.  For  NEA  surfaces  these  secondary  electrons  may  be  emitted 
into  vacuum  and  are  detected  as  a  sharp  feature  at  the  low  energy  end  of  photoemission 
spectra.  A  careful  measurement  of  the  width  of  the  photoemission  spectmm  can  be  used  to 
determine  if  the  low  energy  emission  occurs  from  the  conduction  band  minimum.  The 
width  represents  the  energy  difference  from  the  photoemission  onset  to  the  low  energy 
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cutoff.  For  a  positive  electron  affinity  the  low  energy  cutoff  will  be  determined  by  the 
vacuum  level,  and  emission  from  the  conduction  band  minimum  will  not  be  detected.  A 
schematic  of  photoemission  spectra  of  a  semiconductor  with  a  NEA  or  a  positive  electron 
affinity  is  shown  in  Fig.  2.[6]  The  electron  affinity  (%)  or  the  presence  of  a  negative 
electron  affinity  can  be  deduced  from  the  width  of  the  spectrum  (W)  as  follows: 

X  =  hv-Eg-W  for  a  positive  electron  affinity  (1) 

0  =  hv  -  Eg  -  W  for  a  negative  electron  affinity 

where  hv  is  the  photon  energy  and  Eg  is  the  bandgap.  It  is  evident  that  for  a  positive 
electron  affinity,  the  value  of  the  electron  affinity  can  be  deduced  from  the  measured  width 
of  the  spectrum.  It  needs  to  be  emphasized,  however,  that  the  absolute  value  of  the 
electron  affinity  for  a  NEA  surface  cannot  be  measured  by  means  of  photoemission 
spectroscopy. 

By  carefully  measuring  the  spectral  width  one  can  determine  whether  the  low 
energy  emission  originates  from  the  conduction  band  minimum.  In  fact  recent 
measurements  have  indicated  emission  that  extends  several  tenths  of  an  eV  below  the 
conduction  band  minimum.  Bandis  and  Pate  have  ascribed  this  emission  to  excitons  for  the 
C(lll)  surface  exhibiting  a  NEA. [7]  It  was  found  that  the  observation  depended  on  the 
band  bending  near  the  surface.  For  flat  band  and  upward  band  bending,  exciton  emission 
was  observed  while  for  downward  band  bending  the  emission  was  ascribed  to  electrons  in 
the  band.  [7]  The  band  bending  may  be  due  to  states  in  the  bandgap  that  cause  Fermi  level 
pinning.  Another  possibility  is  H  passivation  of  the  boron  acceptors  near  the  surface  which 
will  lead  to  different  band  bending  for  the  different  regions  on  the  surface.[8] 

Photoemission  spectroscopy  can  also  be  used  to  determine  the  position  of  the 
surface  Fermi  level.  For  a  grounded  sample,  the  Fermi  level  of  the  sample  will  be  the  same 
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as  that  of  the  metal  sample  holder.  And  the  Fermi  level  of  the  metal  can  easily  be 
determined.  This  measurement  can  be  employed  to  monitor  the  semiconductor  Fermi  level 
or  to  detect  band  bending.  We  note  that  care  must  be  taken  to  avoid  photovoltage  shifts  that 
may  be  observed  in  highly  resistive  samples. 

Secondary  electron  emission  (SEE)  is  another  technique  that  can  also  be  used  to 
characterize  the  surface.[9,10,ll]  To  facilitate  the  secondary  emission  experiments,  the 
sample  is  exposed  to  a  monochromatic  source  of  high  energy  electrons.  Typically 
accelerating  voltages  are  l-5kV.  Electron-hole  pairs  are  generated  in  the  conduction  and 
valence  band  of  the  semiconductor  by  the  incident  electrons.  The  electrons  then  move 
toward  the  surface  and  may  be  emitted  as  described  in  the  photoemission  process.  In 
general,  SEE  is  less  surface  sensitive  than  UPS,  since  the  electrons  generated  in  SEE  are 
distributed  deeper  in  the  sample  than  those  from  UPS.  A  typical  application  of  this 
technique  is  to  measure  the  electrons  emitted  per  incident  electron.  We  note  that  the  gain  is 
obtained  since  a  single  high  energy  electron  can  excite  numerous  electron-hole  pairs  that 
can  be  emitted  and  detected.  A  negative  electron  affinity  surface  will  enhance  the  emission 
of  electrons. 

An  alternative  measurement  is  to  obtain  the  energy  spectmm  of  the  emitted 
electrons.  Similar  to  photoemission  spectra,  a  negative  electron  affinity  would  be  indicated 
by  the  presence  of  a  sharp  low  energy  peak  in  the  SEE  spectra  (corresponding  to  the  one 
displayed  in  Fig.  2).  The  energy  of  the  incident  electron  beam  depends  on  the  work 
function  of  the  electron  gun  relative  to  that  of  the  target  material.  This  effect  makes  an 
analysis  based  on  a  measurement  of  the  width  of  the  spectrum  more  difficult  than  for  UPS. 

It  also  needs  to  be  emphasized  that  since  the  electron-hole  pairs  are  excited  deep  in 
the  sample  in  comparison  to  UPS  any  band  bending  at  the  semiconductor  surface  is  going 
to  influence  the  SEE  gain.  In  particular,  an  upward  band  bending  will  inhibit  electron 
transport  to  the  surface  while  a  downward  band  bending  will  sweep  electrons  towards  the 
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surface.  Therefore  UPS  is  more  suitable  and  easier  to  use  than  SEE  to  determine  the 
electron  affinity  of  a  semiconductor  surface. 

15.3.3  Surface  Termination  Effects  due  to  Molecular  Adsorbates  on 
Diamond 

Different  surface  terminations  can  shift  the  position  of  the  bands  with  respect  to  the 
vacuum  level  and,  therefore,  induce  a  NEA  or  remove  it.  Such  changes  have  been  found 
for  molecular  surface  adsorbates.  Different  molecular  surface  adsorbates  result  in  changes 
of  the  surface  dipole  layer,  and  for  a  wide  bandgap  material  the  surface  dipole  layer  can 
lead  to  a  positive  or  negative  electron  affinity.  For  example  hydrogen  has  been  reported  to 
induce  a  NEA  on  the  diamond  (111)  surface. [1,2,6, 12]  More  recently  a  NEA  effect  has 
been  shown  for  the  hydrogenated  C(IOO)  and  C(llO)  surfaces.[8, 13, 14,15]  In 
comparison  oxygen  leads  to  a  dipole  such  that  a  positive  electron  affinity  is  observed  on 
these  surfaces. 

Various  surface  treatments  designed  to  remove  non-diamond  carbon  result  in  an 
oxygen  terminated  surface.  These  include  acid  etching  and  an  electrochemical  etch  process. 
It  has  been  suggested  that  different  treatments  can  lead  to  different  bonding  configurations 
(bridge  -  versus  double  bonding)  of  oxygen  on  the  C(IOO)  surface. [8, 16, 17]  Vacuum 
annealing  of  cleaned  C(IOO)  to  500°C  does  not  remove  a  significant  portion  of  the  oxygen 
from  the  surface  as  detected  by  means  of  Auger  electron  spectroscopy  (AES)  indicating  that 
most  of  the  oxygen  was  chemisorbed.  The  UPS  spectra  of  as-loaded  samples  as  well  as 
those  heated  to  500°C  showed  a  positive  electron  affinity.  A  value  for  the  electron  affinity 
of  1.5  eV  was  detected  following  the  500°C  anneal.  Following  an  anneal  to  about  1000°C 
the  amount  of  oxygen  on  the  surface  dropped  below  the  detection  limit  of  the  AES 
instrument.  A  reconstructed  (2x1)  LEED  pattern  appeared.  In  addition,  the  width  of  the 
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UPS  spectra  increased  to  ~  15.7  eV,  and  a  sharp  low  energy  feature  appeared  indicating  a 
NEA  following  the  last  annealing  step.  It  was  presumed  that  the  surface  was  hydrogen 
terminated  after  this  step. 

Annealing  the  (100)  surface  to  greater  than  1150°C  results  in  the  desorption  of  the 
remaining  hydrogen,  and  a  clean  surface  is  obtained  that  exhibits  a  2x1  reconstmction. 
The  UPS  measurements  of  this  surface  display  a  positive  electron  affinity;  ■  Fig.  3  shows 
UV  photoemission  spectra  for  oxygen  terminated,  clean  and  hydrogen  terminated  diamond 
(100)  surfaces.  The  NEA  character  of  the  H-terminated  surface  is  evident  in  both  the  width 
of  the  spectrum  and  the  presence  of  the  sharp  peak  at  the  lowest  binding  energy. 

Further  hydrogen  plasma  exposed  surfaces  exhibited  a  NEA  and  2x1  reconstmction 
indicating  a  monohydride  termination.  These  studies  were  actually  preceded  by  ab  initio 
calculations  suggesting  a  NEA  for  the  monohydride  terminated  2x1  reconstmcted  (100) 
surface  [13].  The  same  theoretical  studies  reported  a  positive  electron  affinity  for  the  clean 
2x1  surface  in  agreement  with  experimental  observations.  In  fact  the  difference  in  the 
electron  affinity  between  the  two  surfaces  was  ~3eV  indicating  the  magnitude  of  the  change 
in  the  surface  dipole. 

Diamond  (110)  surfaces  also  exhibited  oxygen  termination  after  surface  cleaning, 
and  they  were  found  to  have  a  positive  electron  affinity  as  evidenced  by  means  of  UPS. [8] 
Subsequent  to  annealing  the  samples  to  700°C,  the  oxygen  concentration  on  the  surface 
dropped  to  below  the  detection  limit  of  the  AES  instmment.  The  low  energy  cut  off  of  the 
UPS  spectrum  shifted  to  lower  energies,  indicating  a  reduction  of  the  electron  affinity.  In 
addition,  a  sharp  low  energy  peak  attributed  to  a  NEA  appeared.  A  800°  C  anneal  removed 
the  sharp  NEA  feature,  and  the  width  of  the  spectmm  was  reduced  by  0.7  eV.  Exposing 
the  surfaces  to  a  H  plasma  resulted  in  the  re-appearance  of  the  NEA  characteristics. 
Employing  a  800°C  anneal  the  NEA  could  be  removed  again.  The  results  for  the  (100)  and 
(110)  hydrogen  terminated,  oxygen  terminated  and  clean  surface  are  summarized  in  Table 
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In  Fig.  4  a  schematic  of  the  band  alignments  for  a  clean  and  hydrogen  terminated 
diamond  surface  is  shown,  with  band  bending  consistent  with  p-type  doping. 
Hydrogenation  changes  the  surface  dipole  layer.  This  causes  a  shift  of  the  bands  with 
respect  to  the  vacuum  level.  Overall,  oxygen  is  bonded  the  strongest  to  diamond  (100)  - 
and  the  weakest  to  diamond  (111)  surfaces,  and  the  bond  strength  of  G>  on  the  C(llO) 
surface  falls  between  these  two  values.  [8]  Following  this  approach,  according  to  the 
annealing  temperatures  necessary  to  remove  a  NEA  from  a  hydrogen  terminated  diamond 
surface,  the  hydrogenation  of  the  diamond  (100)  surface  appears  to  be  the  most  stable 
while  that  of  the  (110)  the  least  thermally  stable,  while  C(1 1 1)  falls  in-between. [8] 

Recent  work  has  explored  the  effects  and  stability  of  deuterium  bonding  on 
diamond.  Deuterium  termination  has  been  found  to  induce  a  NEA  effect  comparable  to 
hydrogen,  but  the  surface  was  stable  to  a  higher  temperature  than  a  hydrogen  terminated 
surface.  Future  studies  should  focus  on  the  stability  of  the  hydrogen  or  deuterium 
terminated  surfaces  and  the  interactions  with  oxygen. 

15.3.4  Metallic  and  Oxide  Layers  on  Diamond 

Deposition  thin  films  of  metal  is  another  possibility  of  inducing  an  effective  NEA 
on  diamond.  It  has  been  known  for  many  years  that  low  workfunction  metals  like  Cs  can 
induce  NEA  type  characteristics  on  III-V  semiconductors  like  GaAs.  High  efficiency 
photocathodes  are  based  on  such  structures.  Cs  deposition  on  diamond  has  also  been 
demonstrated  to  induce  a  NEA  effect. [18, 19]  Since  diamond  has  a  large  bandgap  other, 
higher  workfunction  metals  may  be  suitable  to  establish  a  NEA.  A  few  years  ago  Ti  [20] 
or  Ni  [21]  have  been  found  to  induce  a  NEA  on  diamond  (111).  More  recently  NEA 
characteristics  have  been  reported  for  Co,  Cu  or  Zr  on  diamond  (100),  (111)  and  (110) 
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surfaces. [16,22-24]  Fig.  5  shows  a  summary  photoemission  spectra  of  diamond  surfaces 
coated  with  a  few  monolayers  of  these  metals.  A  sharp  peak  indicative  of  a  NEA  is 
detected  for  all  these  spectra. 

Deposition  of  a  thin  metal  layer  was  found  to  change  the  effective  electron  affinity  of 
the  diamond  surface.  This  effect  is  illustrated  in  Fig.  6  for  Ti  on  the  clean  diamond 
surface.  This  structure  was  found  to  exhibit  a  NEA.  The  effective  electron  affinity  for  a 
thin  metal  layer  on  the  diamond  can  be  modeled  in  terms  of  two  interfaces:  the  vacuum- 
metal  and  the  metal-diamond.  Equation  (2)  gives  an  expression  for  the  effective  electron 
affinity. 

Xeff=(<^M+<J’B)-EG  (2) 

In  this  model  a  lower  Schottky  barrier  height  would  result  in  a  lower  effective  electron 
affinity,  and  this  is  consistent  with  the  experimental  results.  For  each  metal  the  surface 
termination  prior  to  metal  deposition  appears  to  be  have  a  significant  effect  on  the  Schottky 
barrier  height.  For  metals  deposited  on  clean  surfaces  lower  values  for  the  Schottky  barrier 
height  and  a  greater  likelihood  of  inducing  a  NEA  are  expected  than  for  metals  on  non 
adsorbate  free  surfaces.  Fig.  7  shows  the  band  diagrams  for  Ti  on  a  clean  or  a  H- 
terminated  diamond  surface.  Metal  -  diamond  interfaces  exhibiting  a  NEA  have  a  lower 
Schottky  barrier  height  than  those  exhibiting  a  positive  electron  affinity. 

In  Fig.  8  the  experimentally  (by  means  of  UV  photoemission)  measured  Schottky 
barrier  heights  are  plotted  vs.  the  metal  workfunction.[24]  It  is  indicated  whether  a  NEA  or 
a  positive  electron  affinity  was  observed  by  means  of  UV  photoemission.  The 
experimantal  data  are  also  compared  to  equation  (2). 

Of  the  results  obtained  to  date  the  most  significant  may  be  the  observation  of  a  NEA 
of  Co  andZr  on  diamond  (100),  (111)  and  (110). [23,24]  These  films  have  been  shown  to 
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be  uniform  with  little  tendency  to  the  islanding  that  has  been  observed  for  Ni  and 
Cu.[23,25]  It  has  also  been  demonstrated  that  the  NEA  was  stable  following  air  exposure 
for  Cu,  Co  and  Zr  on  diamond  surfaces. [23 ,24]  It  has  also  been  demonstrated  that  Ti- 
oxide  induces  a  NEA  on  diamond  (111)  surfaces. [26] 

15.4  Field  Emission 

15.4.1  Description  of  Field  Emission  Process 

Most  practical  applications  of  electron  emitters  will  require  field  induced  emission. 
The  actual  field  emission  process  from  a  semiconductor  combines  four  effects  (1)  electron 
supply  to  the  semiconductor,  (2)  transport  through  the  semiconductor,  (3)  emission  into  the 
vacuum  and  (4)  transport  in  vacuum  to  the  anode.  For  an  ideal  structure  with  a  negative 
electron  affinity  and  a  low  resistance  contact  and  semiconductor,  the  electron  emission 
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would  be  limited  by  space  charge  in  the  vacuum,  the  I-V  characteristics  would  exhibit  a  V 
dependence.  For  the  case  of  a  positive  electron  affinity  and  low  resistance  contact  and 
semiconductor,  the  material  would  essentially  respond  as  a  metal  and  Fowler-Nordheim 
characteristics  would  be  obtained.  For  an  intrinsic  semiconductor  with  a  negative  electron 
affinity  the  emitted  current  would  be  limited  by  electron  injection  into  the  semiconductor, 
and  since  this  may  be  a  tunneling  process,  Fowler-Nordheim  characteristics  may  also  be 
obtained.  In  this  situation  the  current  could  also  be  limited  by  space  charge  effects  in  the 
semiconductor. 

Field  (electron)  emission  is  not  only  a  promising  means  to  develop 
intense/controlled  electron  currents  for  a  variety  of  devices.  It  is  also  a  powerful  and  rapid 
research  tool  to  study  the  mechanisms  of  electron  emission,  whatever  the  means  of 
stimulation. 
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15.4.2  Techniques 


The  field  emission  characteristics  of  diamond  surfaces  are  most  commonly 
determined  by  using  either  a  movable  probe  as  an  anode  that  can  be  stepped  toward  the 
surface  of  the  specimen  [23,27,28],  a  large  flat  anode  kept  at  a  certain  distaaice  (typically  in 
the  mm  range)  away  from  the  sample  by  a  spacer  [29,30,31]  or  a  probe  that  is  used  to  scan 
across  the  surface. [3 1,32]  In  the  case  of  a  movable  anode  the  current  voltage 
characteristics  are  measured  at  different  distances.  The  distances  are  of  the  order  of  a  few 
jim  to  a  few  10  Jim.  To  avoid  emission  from  edges  of  the  anode  it  often  has  a  spherical 
shape  with  a  diameter  of  a  few  mm.  This  method  has  the  advantage  that  the  emission  can 
be  determined  as  a  function  of  distance  which  may  be  important  for  the  characterization  of 
rough  or  highly  resistive  samples.  The  technique  employing  the  large  anode  has  the 
advantage  of  exploring  the  entire  surface  area.  Also  if  a  fluorescing  anode  is  used,  the 
location  of  various  emission  sites  can  be  observed.  However  in  this  method  field  emitted 
electrons  with  KeV  energies  are  striking  the  anode  and  can  desorb  material  from  there.  In 
turn  the  cathode  is  exposed  to  KeV  energy  ions  from  the  anode.  As  a  result  the  surface  of 
the  cathode  gets  contaminated  and  discharges  can  occur.  These  effects  can  lead  to  changes 
in  the  emission  behavior.  Also  when  employing  a  phosphor  screen  as  an  anode  problems 
can  occur  since  small  amounts  of  phosphor  powder  may  get  pulled  to  the  cathode  due  to  the 
high  electric  fields.  Using  a  concentrated  binder  with  the  phosphor  may  alleviate  this 
problem.  To  avoid  the  problems  with  phosphor  an  indium  tin  oxide  (TTO)  layer  can  be 
used  instead.  [30]  But  a  higher  voltage  is  necessary  for  ITO,  increasing  the  likelihood  of 
changing  the  emission  characteristics  due  to  contamination  of  the  cathode  surface  or  the 
striking  of  a  discharge.  Also  the  spatial  resolution  of  an  ITO  coated  anode  is  worse  due  to 
the  higher  energy  of  the  electrons  hitting  the  anode.  Overall,  to  avoid  discharging  effects,  a 
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better  vacuum  needs  to  be  maintained  for  the  technique  using  a  large  anode  kept  at  a  large 
distance,  than  for  a  method  employing  a  probe  in  close  proximity  of  the  emitting  surface. 
A  variation  of  this  technique  is  the  arrangement  of  an  anode  grid  close  to  the  surface 
facilitating  the  field  emission.  A  collector  screen  can  then  be  placed  at  a  larger  distance 
away  from  the  sample  surface.[31]  The  third  technique  employs  a  tip  that  is  placed  a  few 
jim  from  the  emitting  surface  and  can  be  scanned  across  this  surface.  This  method  can  be 
useful  for  correlating  the  distribution  of  emission  sites  with  the  surface  morphology. 

15.4.3  Field  Emission  Results  from  Diamond 

There  have  now  been  several  studies  that  indicated  electron  emission  from  flat 
diamond  surfaces  at  relatively  low  fields.  Kordesh  and  co-workers  used  field  emission 
microscopy  and  showed  a  uniform  emission  from  p-type  diamond  films  at  low  fields 
(~3V/|xm).[333  Using  a  scanning  probe  with  |im  resolution  Talin  et  al.  reported  turn  on 
fields  of  3V/p.m  for  about  1/2  of  the  surface  area  of  nanocrystalline  diamond.  [32]  Raman 
spectra  of  the  emitting  areas  exhibited  lower  quality  sp^  bonding.  Latham  and  co-workers 
also  measured  field  emission  from  flat  diamond  films  at  fields  of  ~20V/jim.  They  also 
showed  that  the  emission  was  from  very  specific  point  sites  that  may  be  correlated  with 
defect  structures  rather  than  sharp  features  of  the  films.  [34]  Zhu  and  co-workers  found  a 
correlation  with  specific  sp^  bonding  structures  in  the  films. [28,35]  As  shown  in  Fig.  9 
higher  electric  fields  were  necessary  for  emission  from  high  quality  p-type  diamond  than 
for  defective  or  particulate  diamond.[35]  To  date,  most  of  these  measurements  were  on  p- 
type  boron  doped  diamond.  Miskovsky  and  Cutler  have  analyzed  the  emission  possibilities 
from  these  films  and  suggested  that  states  in  the  bandgap  must  be  present  and  participate  in 
the  emission  process  to  account  for  the  low  field  emission  from  the  p-type  material.  [35,36] 

It  has  been  found  that  thin  metal  films  of  Cu,  Co,  or  Zr  on  natural  crystal  p-type 
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diamond  resulted  in  a  decrease  in  the  field  emission  threshold  compared  to  the  oxygen 
terminated  diamond  surface.  The  results  of  the  field  emission  threshold  and  electron 
affinity  showed  a  similar  trend  in  which  the  field  emission  threshold  decreased  as  the 
electron  affinity  decreased. [36,37] 

Prins  has  developed  a  method  of  ion  implanting  diamond  to  produce  nominally  n- 
type  material.[38,39]  Geis  and  co-workers  have  used  this  technique  to  fabricate  a  diamond 
cold  cathode  emitter  structure  based  on  an  all  diamond  p-n  junction.  [40]  Carbon  ion 
implantation  was  employed  to  induce  the  n-type  like  characteristics  in  diamond.  Fig.  10 
shows  a  schematic  of  the  cold  cathode  device.  [40]  The  diode  current  vs.  applied  voltage 
for  the  carbon  ion  implanted  diode  was  compared  to  that  of  an  aluminum  Schottky  contact 
on  p-type  diamond.  Fig.  11  illustrates  the  measured  I-V  characteristics  for  both 
structures. [40]  Geis  et  al.  have  also  obtained  field  emission  from  nitrogen  doped 
diamond.  [27]  There  are  several  possible  configurations  for  nitrogen  impurities  in 
diamond,  but  for  nitrogen  occupying  single  substitutional  sites,  the  impurities  exhibit  n- 
type  characteristics  with  a  donor  level  at  ~1.7eV  below  the  conduction  band.  These 
materials  also  showed  low  field  emission,  but  the  spatial  variation  has  not  been  reported. 

There  have  also  been  several  recent  studies  of  the  field  emission  from  diamond 
coated  field  emitters  (i.e.  pointed  structures)  made  of  silicon  or  metals.[33,41-46]  In  these 
measurements  the  electron  emission  was  found  at  significantly  lower  fields  than  from 
uncoated  surfaces.  However  many  studies  have  shown  nonuniform  growth  of  CVD 
diamond  on  the  sharp  tips.  In  particular,  distinct  diamond  particles  have  been  observed  on 
the  tips  as  shown  in  Fig.  12.  [47]  Possible  explanations  for  the  electron  emission  based  on 
negative  electron  affinity  diamond  surfaces  or  based  on  different  radii  of  silicon  tips 
underneath  the  diamond  have  been  proposed.  [46,47]  The  growth  of  nanocrystalline  CVD 
diamond  has  been  reported.  [32,48-50]  This  material  may  be  suitable  for  coating  field 
emitter  tips  (or  flat  emission  surfaces)  with  a  smooth,  uniform  diamond  layer.  Preliminary 
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results  of  emitter  tips  coated  with  nanocrystalline  diamond  indicate  a  significant  (3-fold) 
reduction  in  field  emission  threshold  compared  to  the  uncoated  tips. [51] 

It  is  evident  that  the  complicated  processes  involved  in  field  emission  have  impeded 
the  advancement  of  our  understanding  of  these  measurements.  The  measurements 
themselves  require  care,  and  in  fact,  some  early  reports  may  have  been  dominated  by 
artifacts  attributable  to  poor  vacuum  or  other  effects  due  to  the  high  fields  present  in  the 
measurements.  The  residual  gas  in  the  measuring  chamber  results  in  a  background  ion 
current.  Moreover  the  strong  fields  can  sometimes  cause  a  plasma  to  ignite  and  severely 
damage  the  surface.  Following  arc  discharges,  crater  formations  and  molten  areas  with 
debris  were  observed  in  the  surface  of  CVD  diamond  and  amorphous  carbon  films. [52]  A 
corresponding  improvement  in  the  field  emission  has  been  reported.  It  has  been  suggested 
that  this  improvement  may  be  due  to  the  formation  of  protrusions  or  shaip  edges  that  could 
act  as  emission  sites. 

Even  under  ultrahigh  vacuum  conditions  sputtering  or  desorption  of  material  from 
the  anode  can  be  caused  due  to  the  high  energy  electrons  emitted  from  the  sample.  This 
may  result  in  deposition  of  material  on  the  sample  or  in  a  destmctive  discharge.  Positive 
ions  will  be  accelerated  towards  the  surface  of  the  sample  and  may  damage  the  surface, 
even  if  no  plasma  discharge  occurs.  One  way  to  avoid  these  damaging  effects  is  the  use  of 
lower  voltages.  This  implies  that  smaller  distances  need  to  be  employed  to  facilitate  the 
field  emission.  At  smaller  distances,  effects  due  to  the  surface  roughness  of  the  sample  or 
the  anode  become  more  significant. 

Simultaneous  field  emission  and  photoemission  measurements  from  a  (1 1 1)  lxl:H 
p-type  natural  diamond  surface  were  reported  by  Bandis  and  Pate. [53]  From  these 
experiments  it  was  found  that  the  field  emitted  electrons  originated  from  the  valance  band 
maximum.  Fig.  13  shows  the  electron  energy  distribution  for  the  simultaneous  field 
emission  and  photoemission  measurements.  [53]  In  contrast  the  photoemission  process 


19 


involved  emission  from  the  conduction  band.  For  boron  doped  polycrystalline  diamond 
films  Glesener  and  Morrish  found  no  dependence  of  the  field  emission  on  temperature,  and 
they  also  suggest  that  the  electrons  originate  from  the  valence  band.[54]  To  date  there  have 
been  no  studies  that  confirmed  field  electron  emission  originating  from  the  conduction  band 
of  diamond.  Most  studies  on  emission  from  diamond  may  be  explained  as  electron 
emission  from  the  valence  band  or  from  defect  states;  Ordy  UV  photoemission 
spectroscopy  measurements,  where  UV  radiation  is  employed  to  excite  electrons  from  the 
valence  band  into  the  conduction  band,  have  studied  the  electron  emission  from  the 
conduction  band. 

Supplying  electrons  to  the  conduction  band  remains  a  significant  problem.  Ideally  a 
shallow  n-type  dopant  could  solve  this  issue.  Then  a  field  emission  stmcture  could  consist 
of  a  highly  n-type  doped  region  at  the  electron  injecting  contact  and  lower  doping  in  the 
bulk  of  the  material.  Nitrogen  is  a  substitutional  dopant  and  has  been  reported  in 
concentrations  of  lO'®  cm“^  in  diamond.[55]  It  has  been  reported  that  high  concentration 
of  incorporated  nitrogen  could  enhance  electron  emission.  [27,29]  According  to  theoretical 
[56]  and  experimental  [57,58]  studies  the  "shallowest"  level  of  nitrogen  is  located  about 
1. 5-2.1  eV  below  the  conduction  band  minimum.  Extremely  high  nitrogen  concentrations 
would  be  necessary  to  get  a  n-type  doping  effect  and  to  facilitate  the  electron  injection  at  the 
back  contact.  There  has  been  great  difficulty  in  incorporating  such  large  amounts  of 
nitrogen  into  diamond.  Alternatively,  roughening  of  the  interface  at  the  contact  may  help 
circumvent  this  difficulty  and  lower  the  effective  barrier  for  electron  injection  due  to  field 
enhancement  at  the  rough  interface.  [27]  A  novel  approach  for  CVD  diamond  deposition 
has  been  reported  to  enable  the  incorporation  of  large  amounts  of  nitrogen  into  diamond. 

Phosphorus  is  another  substitutional  impurity  that  may  be  a  potential  n-type  dopant 
in  diamond.  For  substitutional  phosphorus  an  activation  energy  of  0.20  eV  has  been 
calculated.  [56]  Also  the  value  for  the  equilibrium  solubility  of  phosphoras  in  diamond  is 
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expected  to  be  low.[56]  A  doping  effect  due  to  a  shallow  level  of  phosphorus  has  also 
been  found  experimentally.[59]  N-type  conductivity  and  a  corresponding  value  of  0.20- 
0.21  eV  for  the  activation  energy  was  measured  for  phosphorus  implanted  into  high  purity 
type  na  natural  diamond.[60]  Deeper  levels  with  activation  energies  of  0.84-1.16  eV  have 
been  calculated  [61,62]  and  measured  experimentally.  [63,64] 

Lithium  is  an  interstitial  impurity  in  diamond  and  may  be  another,  potential  n-type 
dopant.  A  donor  level  of  0.1  eV  below  the  conduction  band  minimum  has  been 
reported.  [56]  But  diffusion  of  lithium  would  result  in  an  undesirable  deterioration  of  the 
doping  characteristics  over  time.  [56]  Also  the  solubility  of  lithium  in  diamond  is  predicted 
to  be  low. 

The  commonly  observed  non-uniformity  in  the  emission  from  diamond  surfaces 
[27]  may  also  be  a  significant  obstacle  for  the  potential  use  of  diamond  in  emission  devices. 
This  implies  that  the  emission  site  density  becomes  a  crucial  characteristic  to  determine 
whether  an  emitting  surface  is  suitable  for  practical  applications.  It  has  been  estimated  that 
an  emission  site  density  of  the  order  of  at  least  10®  to  10^  sites/cm  ^  is  necessary  for 
applications  as  field  emission  displays.  [65]  Figures  14  a)  and  b)  show  emission  images  of 
a  carbon  layer  for  6.5  V/|xm  and  10  V/pm.[65]  An  image  of  a  differently  prepared  carbon 
film  for  lOV/jO-m  is  shown  in  Figure  14  c).[65]  A  comparison  of  the  emission  site  density 
for  these  two  carbon  films  can  be  seen  in  Figure  15. [65]  A  reported  increase  in  emission 
site  density  of  CVD  diamond  films  has  been  attributed  to  a  pre-growth  treatment.  [66] 
Figure  16  shows  the  emission  site  density  of  a  treated  and  an  untreated  area.  [66]. 

However,  uniform  emission  from  diamond  films  has  been  reported  in  one  study  using  a 
novel  surface  electron  microscope  that  was  operated  in  the  field  emission  mode. [67,68] 
The  instrumental  limit  for  the  field  was  2V/|im.  Since  typical  threshold  fields  in  other 
reports  are  about  an  order  of  magnitude  higher  it  may  be  conceivable  that  there  is  a  uniform 
emission  at  low  fields  which  becomes  non-uniform  at  higher  fields.  This  issue  will  need  to 
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be  resolved  for  most  applications. 


15.5  Conclusions 

It  is  now  evident  that  obtaining  a  true  NEA  is  possible  for  diamond.  Results 
indicate  that  a  positive  electron  affinity  is  obtained  for  both  adsorbate  free  and  oxygen 
terminated  surfaces.  However,  a  NEA  is  obtained  for  hydrogen  termination  of  all  low 
index  surfaces.  It  is  interesting  to  note  that  more  than  a  decade  transpired  between  the  first 
NEA  measurements  on  (1 1 1)  surfaces,  and  the  discovery  of  a  NEA  for  H-terminated  (100) 
surfaces.  It  may  be  that  the  more  tenacious  bonding  of  oxygen  to  the  (100)  surface  was  at 
least  partially  responsible  for  the  delayed  observation. 

The  properties  of  thin  metal  layers  on  diamond  have  also  indicated  that  these  may  be 
suitable  for  obtaining  a  NEA  surface.  The  model  used  to  describe  this  effect  is  based  on 
two  interfaces  -  the  vacuum-metal  interface  and  the  metal-diamond  interface.  Within  this 
model,  to  lower  the  effective  electron  affinity  of  this  structure  it  is  necessary  that  the  metal- 
diamond  interface  changes  the  surface  dipole  of  the  diamond.  A  particularly  encouraging 
result  was  found  for  Zr  deposited  on  clean  diamond  surfaces  and  surfaces  with  oxygen  or 
H  adsorbates.  Here  it  appears  that  the  Zr  displaces  the  oxygen  or  hydrogen  termination. 

The  field  emission  is  the  most  complicated  and  potentially  least  understood 
measurement.  The  combined  photo  and  field  emission  measurements  indicate  that  field 
emission  from  p-type  diamond  originates  from  electrons  in  the  valence  band.  Similarly, 
many  studies  have  indicated  lower  field  emission  thresholds  for  diamond  with  significant 
defect  density.  This  again  suggests  that  the  emission  does  not  involve  electrons  in  the 
conduction  band.  While  conduction  band  emission  has  been  suggested  for  nitrogen  doped 
diamond,  the  role  of  defects  needs  to  be  further  explored. 

The  two  most  pressing  questions  in  the  field  emission  studies  is  verifying  if  field 
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emission  from  the  conduction  band  has  been  obtained  and  understanding  the  non-uniform 
emission.  Certainly  the  development  of  a  process  to  obtain  shallow  n-type  doping  would 
go  a  long  way  to  solving  each  of  these  problems. 

Even  without  the  development  of  an  n-type  dopant  it  seems  likely  that  diamond  with 
defects  may  substantially  improve  the  emission  character  of  various  pointed  and  flat 
surfaces.  Preparation  of  actual  device  structures  may  be  necessary  to  deteimine  if  the 
current  status  is  sufficient  for  the  applications. 

Diamond  has  been  the  wide  gap  semiconductor  that  has  been  most  often  considered 
for  emission  applications,  but  recent  studies  have  indicated  a  negative  electron  affinity  for 
both  BN  and  AIN.  It  appears  that  n-type  doping  of  these  materials  is  also  problematic,  but 
other  approaches  may  be  available  for  supplying  electrons  to  the  conduction  band. 

This  review  has  neglected  some  aspects  of  field  emission.  The  most  notable  of 
these  may  be  the  beneficial  effects  of  roughness  and  interfaces.  However,  the  complexities 
of  the  processes  may  provide  a  real  challenge  for  future  research. 
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Table  1.  The  UPS  spectral  width  for  different  diamond  (100)  and  (110)  surface 
terminations.  The  electron  affinity  or  presence  of  a  NEA  is  deduced  using  Eq.  1. 


Surface 

UPS  Spectral  Width  (eV) 

Electron  Affinity  (eV) 

C(100):H 

15.7 

NEA 

C(IOO)  (clean) 

15.05 

0.65 

C(100):0 

14.2 

1.50 

C(110);H 

15.7 

NEA 

C(1 10)  (clean) 

15.1 

0.60 

C(110):O 

14.3 

1.40 
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Physical  Properties  Affecting 
the  Workfunction  or  Electron  Affinity 
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Molecules 
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Surface  Dipole 

►  + 


Fig.  1  A  representation  of  the  effects  which  contribute  to  the  work  function  (or  electron 
affinity)  of  any  material.  While  the  atomic  levels  are  an  intrinsic  property  of  the  material, 
changes  in  the  surface  bonding  can  substantially  affect  the  work  function  or  electron 
affinity. 
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Fig.  2  A  schematic  of  how  NBA  affects  the  photoemission  spectra.  For  a  NBA  surface  the 
spectra  is  broadened  to  lower  kinetic  energy  and  a  peak  due  to  quasi  thermalized  electrons 
is  detected  also  at  the  lowest  kinetic  energy.  [6] 
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Emission  Intensity  (arbitrary  units) 


Fig.  3  Photoemission  spectra  of  oxygen,  hydroterminated  and  clean  diamond  (100) 
surfaces.  The  broadening  of  the  spectral  width  and  the  sharp  feature  at  high  (negative) 
binding  energy  (i.e.  low  kinetic  energy)  are  indicative  of  a  NEA. 
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Electronic  Bands  Near  the  Surface 


Clean  Diamond  (111) 


E 


vac 


H  /  Diamond  (111) 


Fig.  4  The  band  alignments  of  clean  diamond  and  H  terminated  diamond  surfaces.  Note 
that  the  figures  have  been  aligned  at  the  vacuum  level. 


Fig.  5.  UV-photoemission  spectra  of  diamond  surfaces  with  thin  metal  overlayers.  The 
metal  thicknesses  correspond  to  several  monolayers. 
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The  electron  affinity 
is  then  given  by 


Electronic  Bands  Near  the  Surface 


% 


m 


9^  ) 


=  (  4.33  +  1.0)  -  5.45 


=  -0.1  eV 


Fig.  6.  The  band  structure  at  the  surface  of  diamond  with  a  thin  metal  coverage.  The 
electron  affinity  can  be  deduced  from  the  Schottky  barrier,  the  metal  work  function  and  the 
diamond bandgap.  The  numbers  for  Ti  on  diamond  (111)  are  illustrated. 
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Electronic  Bands  Near  the  Surface 


Clean  Diamond  (111) 


E 


vac 


H  /  Diamond  (111) 


Fig.  7  Schematic  band  diagram  of  Ti  on  clean  and  H-terminated  diamond  surfaces.  Note 
that  the  figures  have  benn  aligned  at  the  vacuum  level. 
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Zr  Ti  Cu  Co  Ni 


Fig.  8,  Diagram  of  the  Schottky  barrier  height  vs.  metal  workfunction  for  Ti,  Zr,  Cu,  Co 
and  Ni.  The  dashed  line  represents  the  limit  for  which  a  NBA  is  expected  for  metal  - 
diamond  interfaces  according  to  equation  (2).  Thus  a  NBA  is  expected  for  data  points 
below  this  dashed  line  and  a  positive  electron  affinity  for  those  above.  The  experimental 
for  Ti,  Zr,  Cu,  Co  and  Ni  are  plotted.  The  filled  markers  correspond  to  an 
experimentally  observed  NBA  and  the  empty  markers  indicate  an  experimentally  observed 
positive  electron  affinity.[24] 
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particulate 


Fig.  9  Plot  of  the  emission  current  densities  vs.  field  required  for  emission  from  p-type 
CVD  diamond,  defective  undoped  diamond  and  nanometer  size  diamond  powder.[33] 
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ANODE 


Fig.  10  Schematic  of  the  cold  cathode  based  on  an  all  diamond  p-n  junction.[38] 
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Fig.  11  Diode  current  vs.  applied  voltage  for  the  carbon  ion  implanted  diode  was 
compared  to  that  of  an  aluminum  Schottky  contact  on  p-type  diamond.  Illustrates  the 
measured  I-V  characteristics  for  both  structures.[38] 
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Fig.  12.  Distinct  diamond  particles  on  the  silicon  tips,  a)  single-particle-type  diamond 
coverage,  b)  Conglomerate  of  diamond  particles. [45] 
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Emission  Intensity  (arb.  unTts) 


Kinetic  Energy  (eV) 


Fig.  13  Electron  energy  distribution  for  the  simultaneous  field  emission  and  photoemission 
measurements  on  C(lll)lxl:H.  The  energy  position  of  the  field  emitted  electrons 
corresponds  to  the  valence  band  maximum. [51] 
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Fig.  14  Field  electron  emission  from  a)  cathode  1,  6.5  V/)im,  b)  cathode  1,  10  V/|j,m,  c) 
cathode  2, 10V/p,m.[65] 


Emission  Site  Density  (sites/cm^2) 


Fig.  15  Plot  of  the  emission  site  density  versus  average  field  for  cathodes  1  and  2.[65] 
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Emission  Site  Density  (/cm^2) 
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Fig.  16  Plot  of  the  emission  site  density  versus  field  for  treated  and  untreated  areas  of  the 
substrate. [66] 
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III.  Electron  Emission  Mechanism  from  Cubic  Boron  Nitride 
Coated  Molybdenum  Emitters 
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Department  of  Materials  Science  and  Engineering,  North  Carolina  State  University,  Raleigh, 
North  Carolina  27695-7919 


Abstract 

The  energy  distribution  of  field  emitted  electrons  from  intrinsic  cubic  boron  nitride  (c-BN) 
coated  Mo  tips  was  analyzed  in  an  effort  to  determine  the  origin  of  the  emitted  electrons. 
Voltage  dependent  field  emission  energy  distribution  (V-FEED)  spectra  were  collected  from  the 
Mo  emitters  under  UHV  conditions  both  before  and  after  being  coated.  Emission  current  at  a 
given  voltage  increased  an  order  of  magnitude  with  the  c-BN  coated  emitters  relative  to  bare 
emitters.  The  energy  of  field  emitted  electrons  from  the  c-BN  coated  emitters  was  linearly 
dependent  upon  the  applied  voltage.  Extrapolation  of  V-FEED  data  from  c-BN  coated  emitters 
to  flat-band  condition  evidenced  that  the  electrons  were  emitted  from  the  conduction  band 
minimum  of  the  c-BN  coating  at  the  c-BN/vacuum  interface. 
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Introduction 

In  recent  years,  a  significant  amount  of  research  effort  has  been  applied  toward  enhancing 
the  performance  of  microstructured  field  emitters  for  use  in  the  field  of  vacuum 
microelectronics  and  displays.  Research  on  the  use  of  molybdenum  as  a  field  emitter  for 
applications,  such  as  flat  panel  display  devices,  has  demonstrated  that  Mo  is  a  promising 
material  for  this  task.^  However,  to  meet  some  application  requirements,  emitters  must  be 
coated  with  a  chemically  and  mechanically  stable  material  that  will  either  not  change  or  improve 
the  emission  characteristics  of  the  device.  This  has  stimulated  an  interest  in  coating  emitters 
with  wide  bandgap  materials.  The  use  of  wide  bandgap  materials  as  coatings  for  Mo  tips  has 
demonstrated  an  enhancement  of  the  field  emission  current  relative  to  bare  Mo  tips.^*^  One 
such  chemically  inert  and  mechanically  robust  coating  material  is  cubic  boron  nitride  (c-BN). 
Recent  UV-photoemission  measurements  have  demonstrated  that  c-BN  features  negative 
electron  affinity In  addition,  field  emission  studies  on  flat  n-type  c-BN  have  shown  that 
considerable  emission  currents  are  attainable.  These  results  make  the  prospect  of  c-BN  as  a 
coating  material  for  field  emitters  promising.^  Characterization  of  c-BN  as  a  coating  material 
for  Mo  emitters  is  the  subject  of  this  study.  The  following  describes  the  methods  employed  and 
results  of  our  field  emission  studies  by  voltage  dependent  field  emission  energy  distribution 
(V-FEED)  and  simultaneous  current  versus  voltage  (I-V)  measurements. 

Experimental  Procedure 

Each  Mo  emitter  was  fabricated  by  electrochemically  etching  a  Mo  wire  of  125  p-m  initial 
diameter.  During  the  etching,  the  Mo  wire  was  biased  at  +10  V  DC  and  submerged  in  a 
concentrated  potassium  hydroxide  solution  with  a  platinum  counter  electrode.  The  tip 
morphology  and  radii  of  curvature  were  determined  by  Scanning  Electron  Microscopy  (SEM). 
Typical  radii  of  curvature  were  less  than  100  nm.  The  c-BN  coatings  were  applied  by  an 
electrophoretic  procedure  where  the  Mo  tips  were  again  biased  at  +10  V  DC  (also  with  a 
platinum  counter  electrode)  and  submerged  in  an  ultrasonically  prepared  suspension  of  c-BN 
particles  in  ethanol.  Typical  c-BN  particle  size  was  approximately  100  nm.  Coating  thickness 
and  uniformity  were  monitored  by  SEM.  Coatings  were  usually  a  few  hundred  nanometers 
thick. 

For  analysis,  the  coated  and  bare  emitters  were  secured  in  a  holder  so  that  each  tip  was 
centered  500  pm  beneath  a  circular  gate  with  an  opening  of  500  pm.  The  holder  was  then 
placed  in  an  ultra  high  vacuum  analysis  chamber  with  a  base  pressure  of  lO"^  Torr  and  was 
aligned  with  the  entrance  lens  of  a  hemispherical  electron  analyzer  (VG  Instruments, 
CLAM  II).  The  electron  analyzer  recorded  the  energy  distribution  of  the  field  emitted  electrons 
which  passed  through  the  opening  of  the  gate.  Both  the  gate  and  analyzer  were  at  ground 
potential  while  the  emitter  was  biased  negatively  using  a  high  voltage  source  with  an  integrated 
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picoammeter  (Keithley  237).  The  energy  of  field  emitted  electrons  was  referenced  to  the  Fermi 
level  (jEp)  of  Mo  using  the  following  relationship  (Fig.  1): 


(E-  E  p)  =  Ef^ifi  -eV+0^, 


(1) 


where  V  represents  the  potential  applied  between  the  gate  and  the  tip,  e  the  elementary  charge, 
and  Ejtin  the  measured  kinetic  energy  of  field  emitted  electrons.  The  analyzer  work  function, 

=  4.3  eV,  was  calibrated  using  a  method  described  elsewhere.^  All  measurements  were 
performed  at  room  temperature. 

FEED  spectra  and  I-V  data  from  the  bare  Mo  tips  were  collected  prior  to  the  coating 
procedure  and  after  an  in  vacuo  thermal  desorption  at  500°C  for  at  least  one  hour.  FEED 
spectra  and  I-V  data  were  subsequently  collected  fi’om  the  same  emitters  after  completion  of  the 
electrophoretic  coating  procedure  and  after  an  additional  in  vacuo  thermal  desorption  similar  to 
that  applied  to  the  bare  tips.  The  desorption  step  was  needed  to  produce  stable  enoission  in  both 
cases.  Thermal  annealing  of  diamond  coated  Mo  tips  has  also  been  reported  to  stabilize 
emission.^  However,  this  was  in  part  due  to  the  formation  of  a  conductive  carbide  layer 
between  the  diamond  and  the  Mo.  No  such  conductive  layer  could  be  formed  between  c-BN 
and  Mo  through  annealing.  The  more  stable  emission  after  annealing  of  bare  and  c-BN  coated 
Mo  tips  arose  probably  due  to  the  removal  of  Mo  oxide  that  formed  diuing  the  processing  of 
the  tips. 


Results  and  Discussion 

Figure  2  shows  a  typical  FEED  spectrum  for  a  Mo  field  emitter  displayed  as  a  function  of 
energy  (E  -Ep).  The  count  rate  was  proportional  to  the  field  emission  current  j.  The  solid 
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Figure  1 .  Emission  mechanism  and  theoretical  FEED  spectrum  for  a  metallic  field  emitter. 

Electrons  are  emitted  fi'om  below  the  metal's  Fermi  level  when  a  negative 
voltage  (V)  is  applied  between  the  emitter  and  the  analyzer.  <2>  metal  work 
function;  analyzer  work  function;  j :  field  emission  current;  ^Idn-  measured 
kinetic  energy  of  emitted  electrons;  VL:  vacuum  level. 

50 


curve  represents  a  fit  of  the  experimental  data  to  a  theoretical  FEED  spectrum,  j{E  —  Ep), 
convolved  with  a  Gaussian  instrument  broadening  function,  i{E  -Ep).  For  metallic  emitters 
the  theoretical  energy  distribution  of  j(E  -  Ep)  is  given  by  the  following:^ 


jiE  -  Ep)  = 


endm)^''^  fjE-Ep) 

/j3 


exp 


eF 


4/ 

[-3I 

(2) 


where  e  is  the  elementary  charge,  h  the  Planck's  constant,  m  the  electron  mass,  O  the  work 
function  of  the  metal  (<2>^  =  4.3  €iV)^,f(E  -Ep)  the  Fermi-Dirac  distribution,  and  F  the 
electric  field  at  the  emission  site.  Tne  local  field,  F,  is  connected  to  the  applied  voltage,  V,  via 
the  field  enhancement  factor  P,F  =  pV.  The  full  width  at  half  maximum  of  the  instrument 
function  was  determined  to  be  (0.15±0.02)  eV  at  an  analyzer  pass  energy  of  2  eV.  Fit 
parameters  included  the  field  enhancement  factor,  jS,  which  was  consistently  on  the  order  of 
10^  cm’\  and  a  factor  linking  the  observed  count  rates  to  the  calculated  field  emission  current  j. 
The  dashed  line  in  Fig.  2  is  the  theoretical  energy  distribution  calculated  without  consideration 
of  instrument  broadening.  The  energy  {E  —  Ep  )  of  the  electrons  emitted  from  Mo  was  well 
defined  and  did  not  depend  upon  the  potential  applied  between  the  tip  and  gate.  This  was 
expected  since  the  applied  field  does  not  penetrate  the  metal.  The  only  observable  change  in  the 
emission  characteristics  of  the  bare  Mo  tips  at  varying  voltages  was  an  increase  in  the  count  rate 
at  higher  voltages. 


Energy  )  [eV] 


Figure  2.  FEED  spectrum  of  a  bare  Mo  emitter.  Experimentally  recorded  data  are 
represented  by  dots  and  were  fitted  to  Eq.  2  and  convolved  with  the  instmment 
broadening  function  (solid  line).  The  dashed  line  represents  Eq.  2  without 
consideration  of  instrumentation  broadening. 
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Subsequently,  after  a  coating  of  c-BN  was  applied,  the  field  emission  current  and  energy 
distribution  of  electrons  emitted  from  Mo  tips  were  also  measured.  At  a  given  voltage,  the 
measured  emission  current  increased  by  as  much  as  one  order  of  magnitude  after  the  c-BN 
coating  was  applied.  The  energy  (E-Ep)  of  the  electrons  emitted  from  the  c-BN  coated  tips 
decreased  monotonically  with  the  applied  voltage  as  shown  in  Fig.  3. 

The  data  in  Fig.  4  describe  the  change  in  energy  peak  position  (E-Ep)  with  applied 
voltage  of  a  c-BN  coated  Mo  emitter.  As  can  be  seen,  the  peak  position  decreased  linearly  with 
the  applied  voltage.  Extrapolation  of  the  peak  position  data  to  flat-band  condition  (potential  of 
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Figure  3.  FEED  spectra  of  c-BN  coated  Mo  emitter  recorded  at  different  applied  voltages. 


0  100  200  300  400  500  600 

Applied  Voltage  [V] 


Figure  4.  FEED  peak  position  variation  as  a  function  of  the  applied  voltage.  Linear 
extrapolation  of  data  to  a  potential  of  0  V  yielded  an  intercept  of  3.4  eV. 
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0  V)  yielded  an  intercept  of  3.4  eV.  This  indicated  that  the  field  emitted  electrons  originated 
3.4  eV  above  the  Fermi  level  of  c-BN.  As  the  c-BN  powder  used  was  nominally  intrinsic,  its 
Fermi  level  could  be  expected  to  be  located  close  to  midgap.  C-BN  has  a  bandgap  of  6.2  6Vj 
thus  the  observed  emission  most  probably  originated  from  the  CBM. 

The  approximately  linear  decrease  in  energy  (E-E  p)  with  applied  voltage  can  be  explained 
by  a  similar  model  used  to  describe  the  behavior  of  diamond  coated  Mo  emitters.^  In  this 
model,  the  change  in  energy  is  explained  by  considering  the  voltage  drop  across  the  dielectric 
coating  (Fig.  5).  Electrons  are  injected  from  the  Fermi  level  (Ep)  of  Mo  into  the  conduction 
band  of  the  c-BN  where  they  settle  to  the  conduction  band  minimum  (CBM).  The  observed 
emission  thus  originated  from  the  CBM  at  the  c-BN/vacuum  interface.  The  original  vacuum 
level  (VL)  is  lowered  by  a  voltage  drop  (AV )  which  is  proportional  to  the  applied  voltage  and 
the  thickness  of  the  layer,  and  inversely  proportional  to  the  dielectric  constant  of  c-BN. 

Conclusions 

The  emission  mechanisms  from  bare  Mo  emitters  and  Mo  emitters  coated  with  intrinsic  c- 
BN  were  analyzed  by  the  V-FEED  techniique.  The  energy  of  field  emitted  electrons  from  c-BN 
was  found  to  be  linearly  dependent  upon  the  applied  voltage,  whereas  the  energy  of  electrons 
field  emitted  from  bare  Mo  was  not  voltage  dependent.  Extrapolation  of  V-FEED  data  collected 
from  c-BN  coated  emitters  to  flat-band  condition  revealed  that  the  electron  emission  originated 
from  the  conduction  band  minimum.  As  such,  the  emission  from  intrinsic  c-BN  occurred  by 
electron  injection  into  the  conduction  band,  complete  thermalization  of  electrons  to  the  CBM, 
and  finally  emission  at  the  c-BN/vacuum  interface. 


Figure  5.  Schematic  of  emission  mechanism  for  Mo  coated  with  c-BN  which  consists  of: 

electron  injection  into  the  conduction  band,  thermalization  of  electrons,  and 
subsequent  field  emission  from  the  conduction  band  minimum  (CBM).  0 
Mo  work  function;  x  •  electron  affinity  of  the  wide  bandgap  material  (assumed 
positive).  Vacuum  level  (VL),  CBM,  and  valence  band  maximum  (VBM)  are 
bent  in  the  extracting  electric  field,  so  that  a  voltage  drop  AV  occurs  across  the 
semiconductor  layer. 
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A  consistent  approach  to  the  calculation  of  the  surface  en¬ 
ergy  valid  for  all  crystal  systems  is  presented.  Voronoi  polyhe- 
dra  are  introduced  and  used  in  conjunction  with  the  energy- 
density  formalism  of  Chetty  and  Martin  [Phys.  Rev.  B  45, 
6074  (1992);  ibid.,  p.  6089]  to  provide  a  methodology  for  the 
determination  of  surface  energies.  The  surface  energies  of  the 
unrelaxed,  unreconstructed  GaAs  (001)  and  (111)  surfaces  are 
calculated  as  a  test.  As  an  example  of  the  application  of  the 
formalism  to  a  low  symmetry  system,  the  energies  of  selected 
(0001)  surfaces  of  the  wide-gap  semiconductors  GaN  and  SiC 
are  determined. 

68.35.Md,31.15.Ar,68.35.Bs 


INTRODUCTION 

There  has  been  tremendous  interest  and  progress  in  the 
technology  of  crystal  growth  over  the  past  few  decades.^ 
This  has  made  relevant  numerous  theoretical  questions 
related  to  crystal  growth  and  the  equilibrium  behavior 
of  surfaces.  Indeed,  intense  efforts  have  been  made  to 
understand  the  energetics  of  such  surfaces.^  However, 
in  spite  of  the  substantial  progress  towards  an  under¬ 
standing  of  the  physics  of  surfaces,  the  surface  energies 
must  be  calculated  with  respect  to  a  reference  surface, 
the  reference  being  diflFerent  for  different  surfaces  except 
for  specific  high-symmetry  cases.  Since  the  surface  en¬ 
ergy  plays  an  important  role  in  the  determination  of  the 
mode  of  growth,  namely  layer,  island  or  layer-plus-island 
growth,  the  lack  of  a  procedure  for  the  calculation  of 
the  surface  energy  is  unfortunate.  Indeed,  if  meaningful 
ab  initio  predictions  about  the  equilibrium  crystal  shape 
and  preferred  growth  directions  are  to  be  made,  it  will  be 
necessary  to  have  a  database  of  surface  energies  of  recon¬ 
structed  surfaces  for  different  directions.  This  requires 
that  the  evaluations  of  the  surface  energies  be  consistent 
between  calculations. 

The  situation  can  be  summarized  as  follows:  On  the 
basis  of  general  considerations,  it  can  be  shown  that  for 
crystals  of  sufficiently  high  symmetry,  the  surface  energy 
can  be  calculated  unambiguously.  For  the  remaining  sys¬ 
tems,  it  can  only  be  calculated  consistently,  i.e.,  the  sur¬ 
face  energy  is  defined  up  to  a  gauge;  this  gauge  is  of  no 
consequence  in  the  determination,  for  instance,  of  equi¬ 
librium  crystal  shapes.  Practically,  however,  the  surface 
energy,  when  it  is  unambiguously  defined,  can  be  calcu¬ 
lated  absolutely  with  a  slab  calculation  only  when  the 
two  surfaces  are  crystallographically  identical;  most  of¬ 
ten,  only  a  relative  surface  energy  can  be  determined. 


Three  cases  therefore  exist:  1)  the  surface  energy  is 
unambiguously  defined  and  can  be  determined  using  a 
slab  calculation,  the  (001)  surface  of  a  zinc-blende  semi¬ 
conductor  is  such  a  case;  2)  the  surface  energy  is  unam¬ 
biguously  defined,  but  slab  calculations  give  only  relative 
surface  energies,  the  (111)  surface  of  a  zinc-blende  semi¬ 
conductor  serves  as  a  case  in  point;  3)  the  surface  energy 
can  only  be  defined  consistently  (the  gauge  must  be  set, 
once  and  for  all,  for  the  calculations),  the  (0001)  surface 
of  a  wurtzite  semiconductor  is  such  an  example. 

Chetty  and  Martin^*^^  developed  an  approach  that 
could  be  used  to  calculate  the  surface  energies  in  the 
second  case  above.  They  introduced  the  concepts  of  the 
energy  density  and  symmetry-adapted  unit  cell  to  pro¬ 
vide  a  procedure  for  the  calculation  of  the  surface  energy 
and  applied  their  approach  to  the  GaAs  (111)  surface  and 
interfaces.  However,  symmetry-adapted  unit-cells  can  be 
used  only  if  the  space  group  has  sufficiently  high  symme¬ 
try,  namely  a  center  of  symmetry,  two  axes  of  rotation, 
or  an  axis  of  rotation  and  a  mirror  plane  not  through 
this  axis.  For  the  third  case,  no  methodology  exists  to 
calculate  the  surface  energy. 

We  have  generalized  the  energy-density  approach  of 
Chetty  and  Martin^’^  to  a  consistent  methodology  for 
the  calculation  of  surface  energies  for  all  systems  includ¬ 
ing  those  of  case  three  above.  In  this  approach,  the  slab 
and  bulk  are  considered  to  be  built  from  blocks  whose 
shape  is  determined  by  the  symmetry  of  the  bulk  crys¬ 
tal.  The  “energy  cost”  of  each  block  is  evaluated  and 
the  “cost”  of  creating  a  surface,  the  surface  energy,  is  ob¬ 
tained  by  summing  up  the  cost  of  each  block  in  the  slab 
and  subtracting  the  costs  of  the  equivalent  blocks  in  the 
bulk.  The  shape  of  the  blocks  is  determined  according 
to  a  geometric  rule;  thus  the  approach  provides  a  consis¬ 
tent  way  of  determining  the  surface  energy  that  can  be 
used  for  low  symmetry  systems.  Further,  the  symmetric 
nature  of  the  blocks  ensures  that  symmetry-equivalent 
surfaces  will  have  the  same  surface  energy  and  hence  the 
methodology  will  reproduce  the  results  of  slab  calcula¬ 
tions,  and  those  of  Chetty  and  Martin.  The  blocks  can 
be  chosen  to  be  either  neutral  or  charged,  the  former  be¬ 
ing  our  preferred  choice  because  they  are  more  intuitive. 

The  paper  is  organized  as  follows:  a  brief  resume  of 
the  surface  energy  begins  the  presentation,  after  which 
the  standard  calculations  of  the  surface  energy  are  dis¬ 
cussed.  In  addition,  a  conceptual  approach  using  only 
total  energy  calculations  and  scaling  arguments,  which 
is  applicable  to  systems  of  sufficiently  high  symmetry, 
is  presented.  This  approach  clarifies  the  issues  involved 
in  unambiguously  defining  the  surface  energy,  but  it  is 
not  feasible  at  present.  The  energy-density  approach 
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of  Chetty  and  Martin  is  then  reviewed  together  with 
the  implementation  of  the  energy-density  formalism  us¬ 
ing  symmetry-adapted  unit  cells.  A  generalization  of  the 
energy-density  formalism  using  Voronoi  polyhedra  (VP) 
is  introduced  and  applied  to  GaAs  (001),  GaAs  (111), 
SiC  (0001)  and  GaN  (0001).  The  latter  two  cases  provide 
examples  of  low  symmetry  systems  in  which  symmetry- 
adapted  unit  cells  cannot  be  used.  The  paper  concludes 
with  a  summary. 

I.  THE  SURFACE  ENERGY 

In  this  section  we  review  the  theory  of  the  surface  en¬ 
ergy  and  the  role  that  symmetry  plays  in  the  definition 
of  the  surface  energy.  In  particular,  for  systems  that  are 
of  low  symmetry  the  surface  energy  cannot  be  defined 
absolutely  but  only  up  to  a  gauge,  which  must  be  the 
same  for  all  directions. 

Consider  a  system  containing  two  phases,  1  and  2,  and 
a  dividing  surface.  The  excess  energy,  ,  due  to  the 
presence  of  the  dividing  surface  is  the  (excess)  quantity 
defined  through  the  relation 

E  =  (1) 

where  E  is  the  total  energy  of  the  system  and  E^^^ 
is  the  energy  of  the  equivalent  bulk  system  of  phase  $1$ 
(2).  The  definitions  for  other  surface  thermodynamic 
quantities,  such  as  the  entropy,  etc.  are  similar.® 
The  surface  free  energy  per  unit  area  is  defined  to  be 

7  =  eW-T5W-2^iri,  (2) 

i 

where  small  letters  denote  the  corresponding  excess 
quantities  per  unit  area  with  the  exception  of  Pi  = 
/A,  which  is  the  excess  number  of  particles  of  the 
species  per  unit  area,  and  fii  is  the  chemical  potential 
of  the  species. 

The  surface  free  energy  defined  in  this  way  measures 
the  work  required  to  create  a  new  surface.  It  is,  in  gen¬ 
eral,  distinct  from  the  work  needed  to  deform  a  surface 
which  is  the  surface  stress.  In  fiuids,  as  is  well-known, 
the  surface  free  energy  is  isotropic  and  is  the  same  as 
the  surface  stress.®  In  contrast,  the  surface  free  energy 
in  solids  is  generally  anisotropic,  which  is  to  say  that  the 
surface  free  energy,  7(n),  is  a  function  of  the  direction  of 
the  outward-pointing  normal.  Further,  the  surface  free 
energy  and  the  surface  stress  are  distinct  quantities. 

The  surface  free  energy  per  unit  area  is  important  in 
the  determination  of  the  equilibrium  geometry  of  small 
crystals  and  the  equilibrium  shape  of  small  particles  in 
contact  with  a  substrate.  Under  conditions  of  constant 
temperature  T,  volume  V  and  chemical  potentials  the 
excess  free  energy  of  the  system  due  to  the  presence  of 
the  surface  is 

^  =  j  dA  7(n),  (3) 


where  dA  is  the  element  of  surface  area  with  outward¬ 
pointing  normal  n.  The  equilibrium  shape  thus  mini¬ 
mizes  the  excess  free  energy. 

For  a  single  crystal  at  constant  temperature  and  chem¬ 
ical  potential,  the  minimization  of  Eq.  (3)  subject  to 
the  constraint  of  fixed  volume  leads  to  the  Wulff  con¬ 
struction  for  determining  the  equilibrium  shape,®  while 
a  modification  of  the  Wulff  construction,  the  Winterbot- 
tom  construction,*^  gives  the  shape  of  a  crystal  for  a  given 
orientation  of  the  substrate  and,  thus,  information  about 
the  growth  mode. 

Since  the  surface  energy  manifests  itself  physically 
through  the  minimization  of  the  integral  in  Eq.  (3),  it 
is  possible  to  add  to  the  surface  energy  a  gauge  term 
C-n  (where  C  is  a  constat  vector)  without  changing  the 
equilibrium  shape.®’®  Symmetry,  however,  permits  a  non¬ 
zero  C  for  only  10  point  groups,  namely  Ce,  Cqv  (which 
includes  wurtzite),  (74,  C^vy  G3,  Csu,  C2,  C2V,  C'l/i  and 
Cl.  For  Cl,  C  is  completely  arbitrary;  for  the  rest,  sym¬ 
metry  constrains  the  choice  of  C.  For  Ci/i,  C  must  lie  on 
the  mirror  plane;  for  the  remaining  eight  point  groups, 
C  must  lie  along  the  unique  axis.  In  other  words,  one, 
two  or  three  arbitrary  scalars  must  be  chosen.® 


II.  DETERMINATION  OF  THE  SURFACE 
ENERGY  FROM  TOTAL  ENERGY 
CALCULATIONS 

For  the  surface  energy  two  situations  exist:  (i)  for  high 
symmetry  systems,  the  surface  energy  is  unambiguously 
defined  (combining  cases  one  and  two  of  the  introduc¬ 
tion);  (ii)  for  low  symmetry  systems,  the  surface  energy 
is  defined  up  to  a  gauge.  In  this  section,  we  begin  by 
pointing  out  that  slab  calculations  permit  a  determina¬ 
tion  of  the  absolute  energy  only  in  high-symmetry  cases. 
In  other  cases,  slab  calculations  provide  only  relative  sur¬ 
face  energies,  even  if  the  surface  energy  is  absolutely  de¬ 
fined.  We  then  present  a  method  that  permits  the  cal¬ 
culation  of  absolute  surface  energies  using  polyhedra  and 
scaling  behavior. 

The  calculations  employed  to  determine  the  surface  en¬ 
ergy  for  a  given  crystal  direction  are  generally  slab  calcu¬ 
lations.  The  slab  consists  of  a  finite  number  of  layers  and 
is  made  infinite  in  the  plane  of  the  surface  through  the 
imposition  of  periodic  boundary  conditions.  The  need 
to  decouple  the  two  surfaces  from  one  another  dictates 
the  thickness  of  the  slab  and  also  the  number  of  vacuum 
layers  (the  calculations  are  usually  carried  out  using  su¬ 
percells).  We  define  the  energy  of  the  equivalent  bulk  as 
the  sum  of  the  number  of  atoms  of  each  species  times 
the  chemical  potential  of  that  species.  Invariably,  a  sin¬ 
gle  configuration  is  used  to  determine  the  total  ground 
state  energy  of  the  slab  at  T=0.  In  a  multicomponent 
system,  the  chemical  potential  for  a  single  species  is  not 
defined  for  a  single  configuration.  In  fact,  the  chemical 
potentials  that  occur  in  the  slab  calculations  are  exter¬ 
nal  parameters  and  can  take  arbitrary  values;  however, 
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physical  arguments  are  invoked  to  establish  limits  upon 
the  variability  of  the  chemical  potentials  of  the  individual 
species. 

At  equilibrium,  the  chemical  potential  of  a  species  is 
equal  in  all  phases  that  are  in  contact.  This  observa- 
tion  can  be  exploited  to  impose  constraints  on  the  pos¬ 
sible  equilibrium  values.  In  particular,  it  is  generally  as¬ 
sumed  that  the  bulk  is  in  equilibrium  with  the  surface, 
i.e.,  that  the  sum  of  the  chemical  potentials  of  the  in¬ 
dividual  species,  /xb,  etc.  equals  the  bulk  chemical 
potential  ^AB  “Z(buik)i 

f^AB^-‘Z{buik)  =  H-  MB  -h  •  •  •  H-  (4) 

Further,  the  chemical  potential  for  a  given  species  can¬ 
not  be  above  the  chemical  potential  of  its  elemental  bulk 
phase,  since  the  bulk  phase  would  then  be  uns  able  with 
respect  to  precipitation  of  the  elemental  bulk.  Thus, 
the  maximum  value  of  the  chemical  potential  of  a  given 
species,  say  A,  is  equal  to  the  chemical  potential  of  its  ele¬ 
mental  bulk  phase  fJ^A{buik)  •  The  heat  of  formation,  Ai?/, 
which  relates  the  chemical  potential  in  the  elemental  bulk 
system  to  the  chemical  potential  in  the  compound  is  de¬ 
fined  by 

^AB--Z(bulk)  =  /^A(bulk)  +  /iB(bulk)  +  .  -  +  ^Z(bulk)  “  Aff/. 

(5) 

It  can  be  used  to  set  bounds  for  the  chemical  potential 
of  the  individual  species  in  the  bulk,  viz. 

Ua(bulk)  -  <  Ma  <  Ma(bulk)  (6) 

where  a  =  A,  JB,. . .  ,2.^°  It  is  worth  emphasizing  that 
these  bounds  only  delineate  the  range  over  which  the  bulk 
is  stable.  If  the  chemical  potential  falls  outside  of  these 
bounds,  the  bulk  will  become  metastable  and  kinetics 
will  determine  the  subsequent  behavior  of  the  system, 
i.e.,  whether  a  change  of  phase  will  occur,  whether  the 
metastable  phase  will  be  very  long  lived,  etc.  Thus  the 
bounds  Eq.  (6)  provide  a  reasonable  range  over  which  to 
consider  the  surface  energy.^^ 

For  certain  directions  of  sufficiently  high  symmetry, 
the  calculation  of  the  surface  energy  is  simplified.  Along 
these  special  directions,  it  is  possible  to  find  a  slab  which 
has  identical  surfaces.  More  explicitly,  the  surfaces  are 
related  by  a  reflection  about  the  center  of  the  slab  and, 
possibly,  by  a  rotation  in  the  plane  of  the  surface.  For 
a  slab  of  material  AB  •  •  •  Z  consisting  of  Na  atoms  of 
species  A,  Nb  atoms  of  species  B,  etc.,  in  a  sufficiently 
simple  structure  (the  (001)  surface  is  an  example  of  such 
a  surface);  the  surface  energy  is 

7  =  ^(Esiab  -  ^AMA  -  NBfiB  -  •  •  (7) 

where  Esiab  is  the  total  energy  of  the  slab.^^  Along  lower 
symmetry  directions,  the  slab  calculations  give  only  the 
surface  energy  relative  to  some  reference,  usually  taken 
to  be  the  1x1  unreconstructed,  unrelaxed  surface. 


It  is  possible,  at  least  in  principle,  to  determine  the 
absolute  surface  energies  for  the  symmetry  directions  for 
which  slab  calculations  yield  only  relative  surface  ener¬ 
gies  provided  the  crystal  has  a  space  group  of  sufficiently 
high  symmetry.  Construct  a  polyhedron  with  identical 
faces:  the  total  energy  of  a  polyhedron,  Epoiy,  that  has 
n/  identical  faces,  Ue  edges,  Uy  vertices  and  contains  Na 
atoms  of  species  A,  Nb  atoms  of  species  B,  etc.,  is 

Epoiy  =  NAfJ^A  +  Nb^j^b  •  •  •  +  NzfJ^z  +  a/n/EsurfL^  (8) 

where  E^uik  is  the  energy  per  unit  volume  of  the  bulk 
material  comprising  the  polyhedron,  Esurf  is  the  surface 
energy  per  unit  area,  E^dge  js  the  edge  energy  per  unit 
length,  Eyertex  is  the  energy  of  a  vertex  and  L  is  the 
characteristic  size  of  the  polyhedron.  The  a  coefficients 
depend  upon  the  detailed  shapes  of  the  surfaces,  edges 
and  vertices  but  the  different  scaling  behavior  of  each 
of  the  energy  terms  can  be  exploited  to  calculate  the 
surface  energy.  After  subtracting  off  the  bulk  energy,  the 
remainder  consists  of  surface  terms,  which  vary  as  L?, 
edge  terms,  which  vary  as  L,  and  vertex  terms,  which 
are  independent  of  L.  For  a  sufficiently  large  polyhedron, 
the  contribution  of  the  edge  terms  to  the  remainder  will 
be  negligible  and  the  surface  energy  can  be  calculated  to 
order  1/L,  viz. 

Esurf  =  “  NaI^A  “  •  •  •  —  Nzfiz)  (9) 

+0(1/L). 

A  two-component  system  with  a  zinc-blende  lattice 
provides  an  example  of  a  crystal  with  sufficiently  high 
symmetry;  a  tetr^diedron  can  be  constructed  which  has 
four  faces  comprised  of  (111)  surfaces  terminated  by  the 
same  species,  A  or  B.^^  Clearly  this  approach  is  valid 
only  for  a  limited  set  of  symmetry  directions.  For  the 
11  Laue  point  groups  and  11  of  the  21  remaining  point 
groups  that  have  either  two  rotation  axes  or  one  rotation 
axis  with  a  mirror  plane  not  through  the  axis,  it  is  pos¬ 
sible  to  find  a  polyhedron  whose  faces  are  composed  of 
crystallographically  equivalent  surfaces.^’^^ 

The  surface  energies  for  other  directions  can  be  calcu¬ 
lated  by  slicing  off  one  of  the  vertices;  the  surface  energy 
for  all  but  one  of  the  faces  is  known  and,  in  the  scal¬ 
ing  limit,  the  unknown  surface  energy  can  be  determined 
to  0{1/L),  In  this  case,  too,  the  polyhedron  must  be 
sufficiently  large  to  ensure  that  edge  and  vertex  effects 
are  negligible.  Although  such  calculations  are  not  fea¬ 
sible  at  present,  the  procedure  described  in  this  section 
illustrates  the  existence  of  unambiguously  defined  sur¬ 
face  energies  for  crystals  with  symmetries  as  described 
above.  For  crystals  with  lower  symmetries,  an  appropri¬ 
ate  convention  for  defining  the  vector  C,  the  same  for 
all  surfaces,  must  be  established.  For  these  systems,  the 
surface  energies  are  measured  with  respect  to  a  single 
reference  surface. 
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III.  THE  ENERGY  DENSITY  FORMALISM 


(13) 


The  total  energy  of  a  charge-neutral  system  of  elec¬ 
trons  with  density  p(r)  within  the  density  functional  the¬ 
ory  is 

E  =  T,[p]  +  Vh[p]  +  Exc[p]  +  Vie[p]  +  (10) 

where  Ts[p]  is  the  Kohn-Sham  kinetic-energy  functional, 
Vh[p]  is  the  Hartree  functional,  Exc[p]  is  the  exchange- 
correlation  functional,  Vie[p]  is  the  electron-ion  energy 
and  Eii{{Ri})  is  the  electrostatic  self-energy  of  the 
atoms  located  at  {R/}.  Minimization  of  this  functional 
subject  to  the  constraint  that  the  number  of  electrons  is 
fixed  leads  to  the  Kohn-Sham  equations,  the  solution  of 
which  gives  the  ground  state  energy  and  density  of  the 
charge-neutral  system.^^’^^ 

The  energy  density  can  be  defined^ through  the  rela¬ 
tion 

E  =  [  d^rSir).  (11) 

Jv 

Consistent  with  this  definition  of  the  energy  density,  any 
function  /(r)  that  integrates  to  zero  can  be  added  to  the 
energy  density.  In  principle  this  presents  a  problem  for 
the  energy-density  formalism;  such  an  arbitrary  function, 
a  gauge  function,  would  make  the  integrals  over  subvol¬ 
umes  arbitrary.  In  practice,  however,  such  a  problem 
does  not  arise.  The  energy  functional  and  the  energy 
density  are  constructed  with  each  term  having  a  phys¬ 
ical  motivation  and  thus  such  an  arbitrary,  unphysical 
function  can  be  excluded  by  construction.  Notwithstand¬ 
ing  this  exclusion  of  arbitrary  unphysical  gauge  terms, 
there  is  an  intrinsic  variability  of  the  energy  density  in 
any  multicomponent  system,  which  is  due  to  the  nature 
of  the  lattice  sum  for  the  Coulomb  energy  of  the  ions. 
This  intrinsic  variability  can  be  used  to  incorporate  the 
variability  of  the  externally  imposed  chemical  potential. 

The  forms  of  many  of  the  components  of  the  energy 
density  follow  in  a  straightforward  manner  from  the  def¬ 
inition,  Eq.  (11),  although  their  concrete  realization  de¬ 
pends  upon  the  details  of  the  implementation  of  the  cal¬ 
culation.  In  particular,  the  present  calculations  use  a 
supercell  geometry,  the  pseudopotential  formalism  and  a 
plane-wave  basis.  The  kinetic-energy  density  is 

r(r)  =  /„VC(r)  •  VV>„(r),  (12) 

n 


T(r)  =  i  52/ikVV>*k(r)  •  VV-i,k(r), 

i,k 

where  the  sum  on  k  is  over  the  first  Brillioun  zone.  Spe¬ 
cializing  to  a  plane- wave  basis,  it  is  more  efficient,  from  a 
computational  point-of-view,  to  evaluate  the  gradient  of 
the  wave-function  in  reciprocal  space  and  then  to  Fourier 
transform  into  real  space,  where  T(r)  is  a  point- wise 
product.  In  real  space,  the  exchange-correlation  energy 
density  is  the  point-wise  product  of  the  electron  density 
and  the  exchange-correlation  energy  per  electron  of  the 
homogeneous,  interacting  electron  gets  taken  at  the  local 
density,  i.e., 


Sxc(t)  =  p(r)exc(r).  (14) 

The  determination  of  the  energy  density  for  the  elec¬ 
trostatic  terms  requires  a  careful  treatment.  The  rea¬ 
sons  are  computational  and  mathematical.  The  Hartree 
potential  can  be  most  efficiently  calculated  for  a  charge 
density  which  has  zero  net  charge,  while  the  lattice  sums 
of  the  Coulomb  potentials  of  the  ions  must  be  regularized 
through  the  use  of  techniques  related  to  those  introduced 
by  Ewald.  The  square  of  the  electric  field,  which  is  the 
negative  of  the  gradient  of  the  Hartree  potential,  i.e., 

E(r)  =  -Vvh{t),  (15) 

gives  the  Maxwell  energy-density,  viz. 

SMir)  =  ^|E(r)p.  (16) 

This  term  can  be  most  efficiently  calculated  in  a  manner 
similar  to  the  kinetic-energy  density.  The  electric  field  is 
first  evaluated  in  reciprocal  space  and  then  transformed 
into  real  space,  where  the  energy  density  is  calculated  as 
a  point- wise  product. 

The  pseudo-ion-pseudo-ion  energy  per  supercell  must 
be  much  more  extensively  reworked  analytically  and  the 
sum  restricted  to  the  supercell  by  use  of  the  minimum¬ 
imaging  convention  in  order  to  obtain 


1^'  ZrZj  Rij 

Eion  =  t:  >  — erfc 

1 2Zi 
2  2^ 


[ylRh+RlA 


(17) 


where  the  {ipn\  are  the  Kohn-Sham  wavefunctions  and 
{/n}  their  occupations.  This  symmetric  form  of  the 
Wnetic  energy  is  the  more  basic  form  that  enters  into 
the  variational  formulation  of  quantum  mechanics.^®*^^ 
In  systems  possessing  periodic  boundary-conditions, 
the  minimization  of  this  functional  gives  the  standard 
Laplacian-form  of  the  kinetic  energy  in  the  Kohn-Sham 
equations.^®  The  use  of  Bloch’s  theorem  permits  the  ex¬ 
pansion  of  the  Kohn-Shaim  wavefunctions,  viz. 


The  first  term  in  the  pseudo-ion-pseudo-ion  electrostatic 
self-energy  is  due  to  the  Coulomb  interaction  between 
a  gaussian  pseudo-ion  at  R/  and  one  at  Rj,  while  the 
second  term  is  the  electrostatic  self-energy  of  the  charge 
distribution  of  the  pseudo-ion  at  R/.  The  energy  density 
for  this  contribution  to  the  total  energy  is  obtained  by 
taking  the  energy  corresponding  to  an  atom  at  R/  to  be 
the  coefficient  of  a  5-function  centered  on  that  atom,  viz. 
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Rij 


VslRh^Kj 

xa/j5(r  -  R/)  -  ^  X! 

^  i^ci  v^Triic,/ 


(18) 

Ri) 


where  the  prime  on  the  sum  indicates  that  I  ^  J.  The 
unknown  coefficients  a/j  reflect  an  ambiguity  in  the  reso¬ 
lution  of  this  term  into  a  density;  the  electrostatic  energy 
between  a  pseudo-ion  at  R/  and  one  at  Rj  is  a  sum  eval¬ 
uated  at  the  ion  positions,  not  an  integral  evaluated  over 
all  space.  When  the  two  ions  in  the  sum  are  distinct, 
there  is  no  a  priori  way  of  assigning  a  portion  of  the 
weights  to  the  contribution  of  each  ion  to  the  sum.  The 
ajj  may  be  chosen  to  be  different  for  different  pairs  of 
species  subject  only  to  the  constraint 


ctij  H-  ajj  =  1,  for  /  ^  J.  (19) 


Thus  in  a  two-component  system,  there  are  two  addi¬ 
tional  degrees  of  freedom,  a/j  and  qj/,  and  one  con¬ 
straint  so  that,  in  effect,  there  is  one  degree  of  freedom. 
For  convenience,  the  {a/j}  were  set  equal  to  one-half  in 
the  calculations. 

The  local-pseudopotential  energy  can  be  written  as 


Thus  5(r)  is  a  sum  of  densities,  viz. 

^’(r)  =  Skinir)  +  fxc’(r)  +  (r)  +  fpsCr)  +  ^ion  (r  ) 

(25) 

where  5A:tn(r)  is  the  kinetic-energy  density,  £xc{^)  is 
the  exchange-correlation  energy  density,  is  the 

Maxwell  energy  density  (a  particular  form  of  the  energy 
density  for  the  Hartree  term),  £'ps(r)  is  the  pseudopoten¬ 
tial  energy  density,  and  fion(r)  is  the  ion-ion  electrostatic 
self-energy  density. 


IV.  EVALUATION  OF  THE  SURFACE  ENERGY 

The  present  approach  to  the  calculation  of  the  surface 
energy  necessarily  involves  two  parts:  the  energy  den¬ 
sity  methodology^’^  and  an  integration  procedure.  This 
approach  extends  the  method  developed  by  Chetty  and 
Martin^”^  by  generalizing  the  integration  method  so  that 
it  can  be  used  even  in  systems  of  low  symmetry. 


A.  The  Surface  Energy  Using  Symmetry-Adapted 
Cells 


/  ‘^rp{T)U,rjiT),  (20) 

where 

UsrAr)  =  C^/p../(r)  -  f  (21) 

Jv  |r-x| 

so  that  the  energy  density  for  the  local-pseudopotential 
is 


Sipsir)  =  p{T)Usr{ry  (22) 

In  Eq.  (21),  ngj{x)  is  a  Gaussian  charge  density  with 
integrated  charge  Zj  and  width  Rcj  centered  at  R/. 

The  non-local  pseudopotential  is  short-ranged  in  real 
space.  Following  Chetty  and  Martin,^  the  non-local 
pseudopotential-energy  associated  with  an  ion  at  R/  is 
gathered  into  a  delta-function  centered  on  that  ion.  The 
smallest  volumes  that  will  be  considered  are  much  larger 
than  the  region  over  which  the  non-local  pseudopotential 
is  non-zero  so  that  no  spurious  results  are  introduced  by 
this  treatment  of  the  non-local  pseudopotential.  The  en¬ 
ergy  density  for  the  non-local  pseudopotential  is 


^n/ps(r)  —  ^n/ps,/^(r  R*/))  (23) 

len 

where  the  coefficient  of  the  delta-function  is 

Snips,!  =  Y\fiV.  f  d^r  f  dVV>;.k(r)^nips,/(r,r')V’i.k(r')- 

(24) 


The  approach  of  Chetty  and  Martin^”^  makes  use  of 
symmetry-adapted  unit-cells  for  the  integration.  The 
boundaries  of  a  symmetry-adapted  unit-cell  are  symme¬ 
try  planes  of  the  crystal.  Therefore,  the  integral  of  the 
energy  density  over  this  unit  cell  is  gauge  independent 
and  the  number  of  atoms  in  the  cell  can  be  unambigu¬ 
ously  determined.  The  surface  energy  is  then 


<T  =  /  d^rSsiabir)  -  V  ATj/ij, 

Jv.  V 


(26) 


where  Vg  is  the  volume  of  the  symmetry-adapted  unit-cell 
and  Ni  is  the  number  of  atoms  of  the  i^^  species  inside  the 
cell  with  i  =  A,  R, . . . ,  Z.  The  externally  imposed  chem¬ 
ical  potential  of  the  i^^  species  is  pn  their  sum  is  subject 
to  the  constraint,  Eq.  (4).  This  approach  can  be  em¬ 
ployed  to  calculate  the  surface  energy  of  those  directions 
in  which  the  surface  is  cut  obliquely  by  these  symmetry 
planes.  Chetty  and  Martin^  applied  their  method  to  the 
(100)  and  (111)  surfaces  of  GaAs.  The  (111)  surfaces  of  a 
zinc-blende  crystal  are  cut  obliquely  by  the  (100)  and  the 
(110)  planes.  However,  this  approach  cannot  be  used  for 
a  crystal  whose  point  group  is  one  of  the  10  point  groups 
for  which  the  absolute  surface  energy  is  not  defined,  i.e., 
there  will  be  surfaces  which  are  not  cut  obliquely  by  a 
sufficient  number  of  symmetry  planes.  Wurtzite  (0001)  is 
an  example  of  such  a  surface;  as  the  result  of  the  hexag¬ 
onal  symmetry,  the  appropriate  symmetry-adapted  cell 
cannot  be  defined. 
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B.  The  Voronoi  Polyhedron 

The  integration  procedure  must  permit  a  consistent 
evaluation  of  the  surface  energy  for  those  low  symmetry 
systems  for  which  the  absolute  surface  energy  cannot  be 
defined.  Such  an  approach  is  needed  because,  in  general, 
it  is  necessary  to  treat  the  two  surfaces  of  the  slab  in  su¬ 
percell  calculations  differently.  For  instance,  to  minimize 
the  charge  transfer  between  surfaces,  one  of  the  surfaces 
may  need  to  passivated  and  consequently  it  is  desirable 
to  have  a  methodology  that  permits  the  surface  energy 
of  each  face  to  be  calculated  separately.  Further,  in  or¬ 
der  to  make  meaningful  ab  initio  predictions  about  equi¬ 
librium  crystal  shape  and  preferred  growth  directions,  a 
database  of  surface  energies  of  reconstructed  surfaces  for 
different  directions  must  be  made.  This  requires  that  the 
evaluations  of  the  surface  energies  be  consistent  between 
calculations. 

In  the  approach  that  we  have  developed,  we  view  the 
bulk  and  the  slab  as  built  of  blocks.  These  blocks  are  con¬ 
structed  according  to  a  well-defined  rule,  which  is  a  natu¬ 
ral  generalization  of  the  definition  of  the  familiar  Wigner- 
Seitz  cell.  The  s^lme  rule  is  used  to  obtain  the  Voronoi 
polyhedra  in  the  slab:  deep  in  the  slab,  where  the  bulk  is 
recovered,  the  Voronoi  polyhedra  are  identical  to  those  of 
the  bulk;  near  the  surface,  they  are  deformed.  With  each 
block  we  associate  an  energy,  namely  the  integral  of  the 
energy  density  over  that  volume.  The  “total  cost”  of  con¬ 
structing  a  slab  and  the  equivalent  bulk  is  determined  by 
simply  adding  up  the  respective  energies  associated  with 
all  of  the  Voronoi  polyhedra.  The  surface  energy  is  then 
simply  the  difference  in  “cost”  between  the  portion  of  the 
slab  containing  one  surface  and  the  equivalent  bulk. 

In  a  one-component  crystalline  system  condensed  on 
a  lattice  without  a  basis,  the  integr^  of  the  energy  den¬ 
sity  over  any  volume  that  is  charge  neutral  is  unique; 
it  is  the  total  energy  per  particle.  The  arbitrariness  of 
the  choice  of  volume  notwithstanding,  there  is  a  geomet¬ 
rically  motivated  volume,  namely  the  Wigner-Seitz  cell. 
The  Wigner-Seitz  cell  possesses  the  symmetry  of  the  lat¬ 
tice,  is  space  filling  and  charge  neutral.  If  the  crystal 
has  a  basis  of  two  identical  atoms,  then  there  is  a  dif¬ 
ference  between  the  positions  of  the  atoms  making  up 
the  crystal  and  the  lattice  points.  The  Wigner-Seitz  cell 
for  this  crystal  is  the  set  of  all  points  closer  to  a  given 
lattice  point  than  to  all  other  lattice  points.  As  for  the 
case  of  a  lattice  without  a  basis,  the  Wigner-Seitz  cell 
for  the  lattice  with  a  two-atom  basis  is  charge  neutral, 
possesses  the  symmetry  of  the  point  group  of  the  lattice 
and  is  space  filling.  However,  it  contains  two  atoms.  The 
Wigner-Seitz  cell  can  be  generalized  to  a  Voronoi  polyhe¬ 
dron  about  each  atom.  This  polyhedron,  which  is  space 
filling  and  charge  neutral,  is  invariant  under  the  largest 
point  subgroup  of  the  space  group  of  the  lattice. 

Consider  a  lattice  that  has  a  basis  of  two  distinct 
atoms.  As  in  the  case  of  a  lattice  with  a  basis  of  two 
identical  atoms,  the  Wigner-Seitz-like  volume  for  a  given 


atom  will  have  the  symmetry  of  the  largest  point  group 
which  is  a  subgroup  of  the  space  group  of  the  crystal. 
The  union  of  such  volumes  with  the  similarly  defined 
cells  for  the  other  atom  of  the  basis  will  be  space  fill¬ 
ing,  but  the  volume  need  not  be  charge  neutral.  We 
will  generally  choose  to  use  a  Voronoi  polyhedron  that 
has  these  properties  and,  because  it  is  most  intuitive,  is 
charge  neutral.  This  Voronoi  polyhedron  is  obtained  if 
the  faces  are  translated  inward  or  outward  along  its  nor¬ 
mal  until  the  volume  is  charge  neutral.  If  the  normal  to 
a  face  lies  along  the  vector  joining  two  identical  atoms, 
the  face  will  not  be  shifted.  Only  a  face  that  has  its 
normal  pointing  towards  an  atom  of  a  different  species 
than  the  one  at  the  center  of  the  cell  will  shift.  However, 
it  is  also  possible  to  use  non-charge-neutral  polyhedra. 
Indeed,  in  strongly  ionic  systems  where  the  charge  ex¬ 
change  between  the  cation  and  anion  is  significant  or  in 
Ceo  where  the  carbon  atoms  are  not  identical,  it  is  neces¬ 
sary  to  use  charged  Voronoi  polyhedra.  Because  the  role 
of  the  Voronoi  polyhedra  is  to  provide  a  way  of  counting 
atoms  and  the  energies  (chemical  potentials)  associated 
with  them,  it  is  not  necessary  to  add  terms  to  the  Hamil¬ 
tonian  when  using  charged  Voronoi  polyhedra.  Mathe¬ 
matical  aspects  of  the  definition  of  the  Voronoi  polyhe¬ 
dron  are  discussed  in  Appendix  I. 

The  integral  of  the  energy  density  over  the  Voronoi 
polyhedron,  in  bulk  is 

E*=  f  d^r£(T)  (27) 

and  will  be  referred  to  as  the  bulk-atom  energy.  In  a  one 
component  system,  E*  is  equal  to  the  chemical  potential. 
The  integral  of  the  energy  density  over  the  Voronoi  poly¬ 
hedron  for  species  A  will  be  referred  to  as  the  bulk-atom 
energy  of  species  A,  etc. 

For  a  multi-component  system,  the  bulk-atom  energ\' 
satisfies  the  constraint  of  equilibrium 

^lAB...z  =  E%  +  E•B  +  ...  +  E•z  (28) 

where  fXAB  -z  is  the  chemical  potential.  The  total  energ>' 
of  a  system  of  Na  atoms  of  species  A  and  Nb  atoms  of 
species  B,  etc.,  is 

Etot  =  NAE*A  +  NBEi  +  ...  +  NzE*z.  (29) 

The  bulk-atom  energy  plays  a  role  identical  to  the  im¬ 
posed  chemical  potential  in  a  slab  calculation,  namely  of 
an  externally  imposed  parameter  (cf.  Sect.  II).  It  can 
assume  arbitrary  values  in  the  bulk  system  subject  only 
to  the  constraint  of  Eq.  (28).  The  same  physical  con¬ 
straints  that  are  used  to  delineate  the  possible  values  of 
the  chemical  potential  also  delimit  the  range  of  the  bulk- 
atom  energy. 

For  atoms  deep  inside  of  a  slab  where  the  bulk  has 
been  recovered,  the  Voronoi  polyhedra  of  the  slab  are 
identical  to  the  bulk  Voronoi  polyhedra.  The  shape  of 
each  Voronoi  polyhedron  depends  upon  the  locations  of 
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the  neighboring  atoms.  Consequently  as  the  surface  is 
approached  and  atoms  are  displaced  from  their  bulk  po¬ 
sitions,  the  volumes  will  deform.  Because  the  atoms  on 
the  surface  do  not  have  any  neighbors  in  the  vacuum, 
the  volumes  for  atoms  at  the  surface  will  extend  out  to 
infinity,  cf.  the  definition  in  Appendix  I  and  Fig.  1. 

As  an  example,  consider  diamond.  In  a  diamond  crys¬ 
tal,  which  has  space  group  Fd3m,  the  Voronoi  polyhedron 
is  a  snub-tetrahedron^®’^®  that  has  sixteen  vertices  and 
sixteen  faces.  The  snub-tetrahedron  is  invariant  under 
the  point  group  Td  and  is  pristine,  f.e.,  it  is  space-filling 
only  if  it  has  ideal  proportions.^®  Its  four  hexagonal  faces 
lie  between  the  nearest  neighbors  and  the  atom  at  the 
origin,  while  each  of  its  twelve  isosceles  triangular  faces 
is  a  bisecting  plane  between  the  atom  at  the  center  and 
a  next-nearest  neighbor.  The  zinc-blende  crystal  struc¬ 
ture  for  a  compound  semiconductor  AB  has  space  group 
F43m.  In  all  but  the  exceptional  case  of  equal  weights  for 
the  two  species,  the  Voronoi  polyhedra  will  be  deformed 
snub-tetrahedra,  i.e.,  snub  tetrahedra  with  non-ideal  pro¬ 
portions  (the  union  of  the  two  deformed  snub-tetrahedra 
-  one  for  A  and  the  other  for  B  -  is  space  filling).  In 
GaAs,  the  snub-tetrahedra  are  very  close  to  pristine. 


C.  The  Surface  Energy  using  Voronoi  Polyhedra 

The  use  of  Voronoi  polyhedra  permits  the  determina¬ 
tion  of  the  deviation  from  bulk  behavior  in  a  straightfor¬ 
ward  manner.  For  each  atom,  there  is  one  polyhedron; 
deep  in  the  slab,  the  Voronoi  polyhedra  of  the  bulk  are 
recovered.  A  section  of  the  slab  that  extends  from  a  point 
deep  in  the  slab  out  to  a  point  deep  in  the  vacuum  and 
contains  Na  atoms  of  species  A,  Nb  atoms  of  species  B, 
etc.,  has  a  total  energy  equal  to  the  sum  of  the  energy  of 
each  of  the  Voronoi  polyhedra  contained  in  that  portion 
of  the  slab,  i.e., 

E,ec  =  E  /  (30) 

jJn, 


EaurfiEi)  =  Ease  -  Ebulk 

=  E[/  ^r£alat>{v)-E*j 
j  UQi 


(32) 

(33) 


where  the  sum  on  I  runs  over  all  atoms  in  the  section  of 
the  slab. 


D,  Integrals  over  the  Voronoi  Polyhedra 

The  charge  density  and  the  energy  density,  defined  on 
a  grid,  must  be  integrated  over  the  convex  Voronoi  poly¬ 
hedra.  Due  to  the  role  played  by  Brillouin-zone  integra¬ 
tions  in  electronic-structure  calculations,  there  has  been 
constant  interest  in  the  development  of  techniques  for  the 
evaluation  of  Brillouin-zone  integrations.^^^^^  The  inte¬ 
grals  of  the  energy  and  charge  density  over  the  Voronoi 
polyhedra  are  the  real-space  equivalent  to  the  Brillouin- 
zone  integration. 

A  careful  treatment  of  contributions  to  the  integral 
from  the  boundary  is  essential  to  the  accurate  numeri¬ 
cal  evaluation  of  integrals  over  polyhedra  such  as  occur 
in  the  present  case.  The  approach  that  was  used  was  to 
decompose  the  polyhedron  into  tetrahedra  by  a  Delau¬ 
nay  triangulation.^^  This,  however,  requires  vertices  on 
the  surface  and  edges  of  the  polyhedron.  These  vertices 
were  obtained  by  intersecting  the  lines  and  planes  of  the 
FFT  grid  with  the  surface  and  edges  of  the  polyhedron, 
respectively.  A  Delaunay  triangulation  of  this  lattice, 
comprised  of  the  FFT  grid  and  the  vertices  on  the  faces 
and  edges,  was  carried  out  using  GEOMPACK.^®  The 
values  of  the  functions  on  the  surface  of  the  polyhedron 
and  at  the  center-of-gravity  of  the  tetrahedra  were  cal¬ 
culated  using  a  tricubic  interpolation.  The  integration 
rule  for  the  tetrahedron  was  of  third  order.^"^  In  this  way 
sufficient  integration  accuracy  for  the  charge  and  energy 
in  a  Voronoi  polyhedron  was  obtained. 


V.  APPLICATIONS 


where  D/  is  the  Voronoi  polyhedron  for  an  atom  at  R/ 
and  I  runs  over  all  atoms  in  the  section  of  the  slab.  In 
order  to  obtain  the  surface  energy,  the  atoms  of  the  slab 
can  be  put  into  a  one-to-one  correspondence  with  the 
atoms  of  the  bulk.  This  equivalent  bulk  is  comprised  of 
the  appropriate  bulk,  Voronoi  polyhedra.  Its  total  energy 
is  simply 


=  NaE*a  +  NbE*b  +  . . .  +  NzE*z,  (31) 

where  ilypj  is  the  Voronoi  polyhedron  for  an  atom  at 
R/  and  I  runs  over  all  atoms  in  the  equivalent  bulk  (cf. 
Eq.  (29)).  The  surface  energy  is  thus 


The  present  approach  was  used  to  calculate  the  surface 
energies  of  the  (001)  and  (111)  unreconstructed,  unre¬ 
laxed  surfaces  of  GaAs  and  of  the  unreconstructed,  unre¬ 
laxed  surfaces  and  a  few  reconstructions  of  the  (0001)  sur¬ 
faces  of  wurtzite  SiC  and  GaN.  In  each  case,  the  energy- 
density  formalism  with  Voronoi  polyhedra  was  used  to 
calculate  the  reference  surface  energy  of  the  unrelaxed, 
unreconstructed  surfaces. 

The  Car-Parrinello  method^®”*^®  was  employed  with 
a  plane-wave  cut-oflF  of  14  Ry  for  GaAs  and  30  Ry  for 
SiC  and  GaN.  The  Perdew-Zunger  parameterization  of 
the  exchange-correlation  energy®^’®^  was  chosen.  Norm- 
conserving  pseudopotentials®®"^®®  were  used  for  gallium, 
arsenic,  carbon,  hydrogen  and  silicon,  while  the  nitrogen 
pseudopotential  was  an  optimized  soft-core  pseudopoten¬ 
tial  of  Li  and  Rabii.®®  The  pseudopotentials  were  j>-local 


61 


pseudopotentials,  except  for  the  gallium  pseudopoten¬ 
tial  which  was  d-local.  The  non-local  potentials  were 
employed  using  the  Kleinman-Bylander  approach.^^  For 
GaAs,  the  gallium  pseudopotential  included  the  nonlin¬ 
ear  core-correction.^® 

A  supercell  was  used  to  reimpose  the  translational  in¬ 
variance  that  is  broken  along  the  direction  parallel  to  the 
surface  normal.  For  the  calculations  involving  the  (001) 
gallium- terminated  surface,  the  2x2  supercell  contained 

6.5  bilayers  of  GaAs  (both  faces  gallium-terminated)  and 

2.5  bilayers  of  vacuum;  for  the  calculations  of  the  (111) 
surfaces,  the  2x2  supercell  contained  6  bilayers  of  GaAs 
and  three  bilayers  of  vacuum.  A  2x4  supercell  contain¬ 
ing  five  bilayers  of  material  and  3  bilayers  of  vacuum  was 
used  for  SiC;  the  2x2  GaN  supercell  contained  six  bilay¬ 
ers  of  material  and  four  bilayers  of  vacuum. 

In  order  to  minimize  charge  transfer  between  the  faces, 
hydrogen  atoms  passivated  one  face  of  the  GaN  and  SiC 
slabs.  This  was  successful  as  charge  transfer  was  found 
to  be  small. 

If  the  work  functions  of  the  two  surfaces  are  different, 
then  the  periodic  boundary  conditions  of  the  supercell  en¬ 
force  a  common  electrostatic  potential  in  the  vacuum  and 
result  in  an  unphysical  change  in  the  electric  potential  in 
the  vacuum  region  equal  to  the  difference  between  the 
two  work  functions.  The  field,  induced  by  this  change, 
was  cancelled  by  adding  a  dipole  layer  in  the  vacuum 
region. 

A.  Surface  Energy  of  GaAs  (001) 

The  calculation  of  the  surface  energy  of  the  (001)  sur¬ 
face  of  GaAs  provides  a  good  test  of  the  present  formal¬ 
ism.  In  this  case  a  slab  in  which  both  surfaces  have  the 
same  termination  exists.  The  surface  energy  can  thus  be 
calculated  using  the  total  energy  approach  and  the  sur¬ 
face  energies  of  the  two  surfaces  can  be  independently 
calculated  using  the  energy-density  approach  presented 
herein.  Fig.  2  shows  the  gallium  surface  energy  calculated 
with  the  total  energy  method  compared  to  that  obtained 
with  the  energy-density  formalism  with  Voronoi  polyhe- 
dra  for  three  different  cases:  1)  charge-neutral  Voronoi 
polyhedra;  2)  charged  Voronoi  polyhedra  in  which  the 
polyhedra  around  the  gallium  atoms  have  charge  2.85  e, 
while  those  centered  on  the  arsenic  atoms  have  charge 
5.15  e;  3)  charged  Voronoi  polyhedra  in  which  the  poly¬ 
hedra  centered  on  the  gallium  atoms  have  charge  3.15  e, 
axid  the  ones  about  the  arsenic  atoms  have  charge  4.85  e. 
Only  the  calculations  of  one  face  of  the  slab  are  shown. 
Similar  results  are  obtained  for  the  other  face. 

The  surface  energies  agree  to  within  less  than  0.1  eV 
over  the  entire  range.  The  use  of  a  finer  mesh  will  improve 
the  agreement.  In  all  of  the  cases,  the  linear  dependence 
of  the  surface  energy  upon  the  gallium  chemical  potential 
has  a  slope  of  -0.50,  which  is  in  very  good  agreement  with 
the  exact  value  of  -0.50.  The  value  of  this  slope  is  not 


assumed  in  the  calculation,  but  is  a  result  which  confirms 
the  correctness  of  the  approach.  Thus  it  is  possible  to  use 
either  neutral  or  charged  Voronoi  polyhedra. 

B.  Surface  Energy  of  GaAs  (111) 

The  surface  energies  for  the  (111)  Ga-  and  As- 
terminated  faces  are  shown  in  Fig  3.  As  expected, 
a  linear  dependence  upon  the  gallium  chemical  poten¬ 
tial  is  observed  with  a  slope  of  -0.27  for  the  gallium- 
terminated  surface  and  0.26  for  the  arsenic-terminated 
surface.  This  should  be  compared  with  the  analytical 
results  of  -0.25  for  the  Ga-terminated  surface  and  0.25 
for  the  As-terminated  surface.  The.  energy  of  the  As- 
terminated  face  is  lower  than  that  of  the  Ga-terminated 
face  over  the  entire  range  and  the  numerical  results  are 
in  good  agreement  with  those  of  Chetty  and  Martin. 


C.  SiC  surface  energy 

The  surface  energies  for  selected  reconstructions'^®  of 
the  Si-  and  C-terminated  faces  are  shown  in  Fig.  4.  The 
unrelaxed,  unreconstructed  surfaces  are  observed  to  de¬ 
pend  linearly  on  the  chemical  potential  of  silicon.  In  both 
cases  the  2x2  7r-bonded  reconstruction  has  the  lowest 
energy  of  the  reconstructions  considered.  It  should  be 
noted,  however,  that  lower  energy  reconstructions  exist 
and  are  currently  being  studied. 


D.  GaN  surface  energy 

The  surface  energies  for  the  Ga-  and  N-terminated 
faces  are  shown  in  Fig.  5.  With  F-point  sampling  we 
find  that  on  the  gallium-terminated  surface  the  nitrogen- 
adatom  and  gallium-vacancy  structures  have  the  lowest 
energies  over  the  entire  physical  range;  the  energy  dif¬ 
ference  is  smaller  than  the  accuracy  of  the  calculation. 
In  the  nitrogen-adatom  reconstruction,  the  three  gallium 
atoms  bonded  to  the  nitrogen  adatom  move  towards  the 
adatom.  The  remaining  gallium  atom  relaxes  inwards  to¬ 
wards  the  nitrogen  layer.  The  subsurface  N  atom,  which 
has  three  bonds  with  the  surface  gallium  atoms  bonded 
to  the  N-adatom,  moves  outwards  towards  the  Ga  atoms, 
becoming  almost  coplanar  with  them.  In  the  vacancy  re¬ 
construction,  the  three  gallium  atoms  relax  inwards  to¬ 
wards  the  subsurface  nitrogen  layer.  On  the  nitrogen- 
terminated  surface,  the  nitrogen  vacancy  has  the  lowest 
energy  while  the  gallium-adatom  has  a  somewhat  higher 
energy.  Although  the  energies  of  the  individual  surfaces 
can  be  shifted  by  a  constant  (cf.  Section  I),  the  sum  of 
the  surface  energies  is  an  absolutely  defined  quantity. 
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VI.  SUMMARY  AND  CONCLUSIONS 

The  surface  energy  plays  a  critical  role  in  determining 
equilibrium  crystal  shapes  and  modes  of  growth.  The 
standeird  ab  initio  method  for  the  evaluation  of  surface 
energies  employs  total  energy  slab  calculations.  These 
calculations  give  the  absolute  surface  energies  only  for 
those  exceptional  directions  in  which  the  two  faces  of 
the  slab  are  crystallographically  the  same.  For  other 
surfaces,  they  give  the  energies  relative  to  some  refer¬ 
ence  surface,  even  in  those  cases  for  which  the  absolute 
surface  energy  exists.  In  order  to  evaluate  the  surface 
energies  of  lower  symmetry  surfaces  (for  which  the  ab¬ 
solute  surface  energy  is  defined)  Chetty  and  Martin^”® 
introduced  the  energy  density  formalism  together  with 
symmetry-adapted  unit-cells;  however,  energy-density 
approach  procedure  is  not  applicable  to  systems  where 
such  cells  cannot  be  defined. 

The  surface  energy,  which  is  an  excess  thermodynamic 
quantity,  is  absolutely  defined  for  crystals  which  have  a 
center  of  symmetry,  or  two  axes  of  rotation  or  an  axis  of 
rotation  and  a  mirror  plane  not  through  this  axis.  For 
lower  symmetry  crystals,  the  surface  energy  is  defined  up 
to  a  gauge  term  C  •  n,  where  C  is  constrained  by  symme¬ 
try  for  all  but  the  point  group  Ci ;  hence  for  these  systems 
the  surface  energy  must  be  defined  in  a  consistent  manner 
for  all  directions.®’® 

We  have  developed  a  generalization  of  their  approach 
that  permits  the  evaluation  of  surface  energies  in  all 
cases,  subject  only  to  the  physical  ambiguity  of  the  gauge 
term  C  •  n.  Our  method  uses  appropriately  defined 
Voronoi  polyhedra  to  calculate  the  differences  between 
the  bulk  and  surface  contributions  to  the  integrated  en¬ 
ergy  density,  thus  isolating  the  excess  energy  introduced 
by  the  surface. 

This  approach  was  used  to  calculate  the  surface  energy 
of  gallium-terminated  GaAs  (001).  Since  the  surface  en¬ 
ergy  in  this  case  can  be  evaluated  using  a  total  energy 
calculation,  it  provides  a  good  test  of  the  method.  The 
surface  energies  of  the  two  approaches  (total-energy  and 
energy-density  with  Voronoi  polyhedra)  agreed  to  less 
than  0.1  eV  per  surface  atom.  The  surface  energies  of 
the  gallium-  and  arsenic-terminated  faces  of  GaAs  (111) 
were  determined  and  found  to  be  in  agreement  with  those 
of  Chetty  and  Martin.^  Finally,  the  approach  was  used  to 
evaluate  the  surface  energies  of  selected  reconstructions 
of  the  (0001)  surfaces  of  the  wide-gap  semiconductors  SiC 
and  GaN. 
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APPENDIX  I:  MATHEMATICAL  DETAILS 
CONCERNING  THE  VORONOI  POLYHEDRON 

For  a  Bravais  lattice  which  has  lattice  points  {xj},  the 
region  of  space  nearer  to  the  lattice  point  Xi  than  to  xj 
(the  so-called  dominance  region  of  over  Xj)  is  the  half¬ 
space 

D{xi,Xj)  =  {x|  |x  -  Xi|2  <  |x  -  Xj|2};  (34) 

the  boundary  of  this  half-space  is  the  plane  defined  by 

jx-Xil^  =  |x-X;p;  (35) 

and  the  Wigner-Seitz  cell  is  the  intersection  of  the  all 
such  half-spaces, 

V{xi)  =  r\j^iD{xi,Xj).  (36) 

Since  the  Wigner-Seitz  cell  is  the  intersection  of  convex 
half-spaces,  it  is  convex.  Because  its  faces  are  planes,  it 
is  a  polyhedron. 

The  isogonal  point  group  of  a  crystal  is  the  group 
formed  from  all  of  the  point-group  operations  which  oc¬ 
cur  in  the  space  group.*^^  If  the  space  group  is  symmor- 
phic,  the  isogonal  point  group  will  be  a  subgroup  of  the 
space  group;  if  the  space  group  is  non-symmorphic  (it 
contains  either  a  screw  axis  or  glide-reflection  plane),  it 
will  not  be  a  subgroup.  Because  the  symmetry  operations 
of  the  point  group  leave  the  lattice  points  unchanged,  the 
Wigner-Seitz  cell  is  also  invariant  under  the  operations  of 
the  point  group.  The  Wigner-Seitz  cell  is  also  space  fill¬ 
ing  and  is  charge  neutral.  Thus  the  three  properties  that 
characterize  a  Wigner-Seitz  cell  are:  it  is  a  space-filling 
polyhedron  that  has  the  symmetry  of  the  point  group  of 
the  lattice  and  is  charge  neutral. 

In  the  case  of  diamond,  there  are  two  carbon  atoms  in 
the  basis  and  the  Wigner-Seitz  cell  as  traditionally  de¬ 
fined  contains  the  same  number  of  atoms  as  there  axe 
atoms  in  the  basis,  i.e.,  two  carbon  atoms.  A  Wigner- 
Seitz  cell  for  an  atom  or,  more  properly,  a  Voronoi  poly¬ 
hedron,  can  defined  by  analogy  with  the  Wigner-Seitz 
cell  for  a  lattice  point.  The  region  nearer  to  an  atom  at 
R/  than  to  an  atom  at  Rj  is  the  half  space 

Z?(R/,  Rj)  =  {x|  |x  -  R/p  <  |x  -  Rjp}.  (37) 

The  intersection  of  the  all  these  half-spaces,  i.e., 

F(R/)  =  nj^/D(R/,Rj)  (38) 

defines  the  Voronoi  polyhedron.  Any  point  inside  this  cell 
is  closer  to  the  atom  at  R/  than  to  all  other  atoms  (rather 
than  to  the  lattice  point  as  is  the  case  for  the  traditional 
Wigner-Seitz  cell).  The  Voronoi  polyhedron,  being  the 
intersection  of  half-spaces,  is  a  convex  polyhedron. 

Defined  in  this  way,  the  Voronoi  polyhedron  possesses 
many  properties  similar  to  those  of  the  standard  Wigner- 
Seitz  cell.  It  is  a  space-filling  polyhedron  and  charge  neu¬ 
tral.  However,  it  is  no  longer  necessarily  invaxiant  under 
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the  symmetry  operations  of  the  isogonal  point  group,  but 
only  under  the  operations  of  the  largest  point  group  that 
is  a  subgroup  of  the  space  group  of  the  crystal.  Further, 
the  integral  of  the  energy  density  over  this  volume  is  in¬ 
dependent  of  any  gauge  and  is  equal  to  the  total  energy 
per  atom. 

If  the  basis  atoms  are  not  identical,  for  example  as 
in  GaAs,  the  Voronoi  polyhedron  will  no  longer  be  neu¬ 
tral  as  is  desired.  In  this  case,  the  Voronoi  polyhedra 
is  defined  to  be  an  additively-weighted  power  Voronoi 
polyhedron.^^  The  additively-weighted  power  Voronoi 
polyhedron  or,  more  simply,  the  power  Voronoi  polyhe¬ 
dron  extends  naturally  the  definition  of  the  Voronoi  poly¬ 
hedron  from  a  lattice  with  a  basis  of  identical  atoms  to  a 
lattice  with  a  basis  of  distinct  atoms.  In  point  of  fact,  the 
standard  Wigner-Seitz  cell,  the  Voronoi  polyhedron  for  a 
lattice  with  a  basis  of  identical  atoms  and  the  Voronoi 
polyhedron  for  a  lattice  with  a  basis  of  distinct  atoms 
are  all  encompassed  within  the  definition  of  the  power 
Voronoi  polyhedron. 

The  additively-weighted  power-distance  of  point  x 
from  an  atom  at  R/  is 

dp„(x,  R/;ii;/)  =  |x  -  R/|^  -  wj  (39) 

where  wj  is  the  weight  associated  with  the  atom  at  Rj. 
With  respect  to  the  additively-weighted  power-distance, 
the  half-space  closer  to  an  atom  at  R/  than  to  one  at  Rj 
is 

D{Ri,  Rj)  =  {xj  |x  -  R/p  -  li;/  <  |x  -  Rjp  -  wj} 

(40) 

and  the  power  Voronoi  polyhedron  is  the  intersection  of 
the  half-spaces,  t.e., 

V(R/)=nj^/D(R/,Rj).  (41) 

The  use  of  the  additively-weighted  power-distance  is 
motivated  by  the  observation  that  the  planes  defining  the 
surfaces  of  the  traditional  Wigner-Seitz  cell  are  defined 
through  Eq.  (35)  and  that  the  additive  weights  rigidly 
translate  the  faces  of  the  Wigner-Seitz  cell,  always  main¬ 
taining  a  polyhedral  shape.  When  wj  =  w  =  constant 
for  a  lattice  without  a  basis,  the  standard  Wigner-Seitz 
cell  is  obtained. 

For  a  tetrahedrally-coordinated  compound  semicon¬ 
ductor  comprised  of  elements  A  and  B,  the  volume  con¬ 
tained  within  the  Voronoi  polyhedron  is  a  monotonic 
function  of  the  difference  of  the  weights  wa  and  wb- 
If  charge-neutral  polyhedra  are  used,  the  value  of  this 
difference  is  fixed  by  the  requirement  that  the  total  elec¬ 
tronic  charge  within  the  Voronoi  polyhedron  cell  be  equal 
to  the  ionic  charge;  if,  instead,  charged  polyhedra  are 
used,  the  difference  can  be  chosen  for  convenience.  In  the 
case  of  Ceo,  not  all  of  the  atoms  are  in  symmetry  equiv¬ 
alent  positions  and  charged  Voronoi  polyhedra  must  be 
used.  Further,  the  space  group  is  nonsymmorphic.  Con¬ 
sequently,  the  largest  point  group  that  is  a  subgroup  of 


the  space  group  for  solid  Ceo  is  not  but  3  and  the 
Voronoi  polyhedra  will  have  this  symmetry. 
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FIG.  2.  Comparison  of  the  surface  energy  of  the  gal¬ 
lium-terminated  surface  of  GaAs(OOl)  from  a  total  energy 
cedculation  with  the  values  obtained  using  the  energy-density 
formalism  with  charge-neutral  and  charged  Voronoi  polyhe- 
dra  (the  charge  of  the  Voronoi  Polyhedron  (VP)  centered  on 
the  geillium  atom  in  example  1  is  2.85  e,  while  in  example  2 
it  is  3.15  e).  The  results  agree  to  less  than  0.1  eV.  The  slope 
predicted  from  the  formalism  is  —0.50  in  excellent  agreement 
with  the  theoretical  result  of  —0,50.  The  range  of  the  abscissa 
is  chosen,  by  convention,  to  be  twice  the  heat  of  formation.  In 
this  and  the  following  figures,  it  has  been  slightly  broadened 
to  include  the  possibility  of  metastability  as  discussed  in  the 
text  (Sect.  II). 


FIG.  1.  A  two-dimensional  slab  showing  the  atomic  cells. 
In  the  center  of  the  slab,  the  bulk  Voronoi  polyhedra  are  re¬ 
covered;  the  cells  at  the  surface  extend  to  infinity. 
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FIG.  3.  Surface  energy  of  the  unrelaxed,  unreconstructed 
GaAs(lll)  surfaces  calculated  using  the  energy-density  for¬ 
malism  with  Voronoi  polyhedra. 
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FIG.  5.  Surface  energy  of  the  reconstructions  of  GaN 
(0001)  calculated  using  the  energy-density  formalism  with 
Voronoi  polyhedra:  (a)  the  gallium-terminated  surface  and 
(b)  the  nitrogen-terminated  surface.  For  the  unreconstructed, 
unrelaxed  gallium-terminated  face,  the  surface  energy  de¬ 
pends  linearly  upon  the  gallium  chemical  potential  with 
slope  of  -0.25;  for  the  unreconstructed,  unrelaxed  nitro¬ 
gen-terminated  face,  the  surface  energy  depends  linearly  upon 
the  nitrogen  chemical  potential  with  slope  of  -0.25. 


FIG.  4.  Surface  energy  of  selected  reconstructions  of  SiC 
(0001)  calculated  using  the  energy-density  formalism  with 
Voronoi  polyhedra:  (a)  the  silicon-terminated  surface  and 
(b)  the  carbon-terminated  surface.  The  linear  dependence 
of  the  smidLce  energies  of  the  reconstructions  of  the  car¬ 
bon-terminated  surface  on  the  carbon  chemical  potentisJ  has 
slope  -0.24;  the  linear  dependence  of  the  surface  energies  of 
the  reconstructions  of  the  silicon-terminated  surface  on  the 
silicon  chemical  potential  has  slope  -0.24. 
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V.  Theory  of  Interfaces  and  Surfaces  in  Wide  Gap  Nitrides 

Marco  Buongiorno  Nardelli,  Krzysztof  Rapcewicz  and  J.  Bernholc 
Department  of  Physics,  North  Carolina  State  University,  Raleigh,  NC  27695-8202 


We  review  a  selection  of  the  results  of  a  theoretical  in¬ 
vestigation  of  the  properties  of  interfaces  and  surfaces  of  the 
wide-gap  III-V  nitride  semiconductors.  The  electronic  prop¬ 
erties  of  wurtzite  heteroepitaxial  interfaces  of  AIN  and  GaN, 
incorporating  the  effects  of  strain  are  discussed.  In  particulsu:, 
we  find  that  this  interface  is  of  Type  I  and  have  calculated 
the  valence-band  offset  to  be  -0.57  eV.  We  also  present  the 
surface  energies  and  atomic  geometries  of  the  2x2  reconstruc¬ 
tions  of  the  (0001)  face  of  GaN.  In  conditions  which  are  rich 
in  a  given  species,  an  adatom  reconstruction  of  that  species 
is  found  to  be  the  most  energetically  favorable:  for  gallium- 
rich  conditions,  the  reconstruction  with  a  gallium- adatom  on 
a  Ts-site  is  the  most  stable,  while  for  nitrogen-rich  conditions 
the  reconstruction  with  a  nitrogen-adatom  on  the  Ha  site  is 
energetically  the  most  favorable. 


Semiconductor  hetero junctions  find  wide  applications 
in  microelectronics.  These  include  lasers,  photodetec¬ 
tors,  high-efficiency  solar  cells  and  radiation-resistant  in¬ 
tegrated  circuits.^  The  III-V  nitrides  with  their  wide 
band-gaps,  high  thermal  stability  and  conductivity  and 
radiation  resistance  have  long  been  viewed  as  attractive 
candidates  for  use  in  microelectronic  devices.^ 

The  recent  demonstration  of  a  GaN-based  blue  laser, 
which  follows  upon  three  decades  of  research,  has  served 
to  highlight  the  potential  of  these  materials.^  However,  at 
present,  the  mechanisms  underlying  the  workings  of  the 
blue  laser  are  not  understood.  To  this  end  and  in  order 
to  develop  other  nitride-based  devices,  a  great  effort  is 
being  expended  to  understand  and  control  the  materials 
properties  of  the  wide-gap  nitrides. 

METHODOLOGY 

The  standard  ab  initio  plane-wave  pseudopotential 
method^”®  was  used  in  the  calculations  of  interface  prop¬ 
erties.  To  ensure  convergence  of  the  nitrogen  pseudopo¬ 
tential,  an  energy  cut-off  for  the  plane-wave  expansion 
of  50  Ry  was  chosen.  The  equivalent  of  10  k-points 
for  bulk  and  superlattice  calculations  in  the  zinc-blende 
structure*^  and  6  k-points  for  calculations  of  the  wurtzite 
structure®  were  employed.  A  careful  check  of  the  conver¬ 
gence  in  both  the  size  of  the  plane-wave  basis  and  the 
number  of  special  points  was  made.  For  the  surface  cal¬ 
culations,  a  multi-grid-based  total-energy  method  that 
uses  a  real-space  grid  as  the  basis  was  used.  This  ap¬ 
proach  has  been  used  to  study  a  wide  range  of  systems 


involving  large  numbers  of  atoms.^  The  ions  were  relaxed 
using  the  “fast-relax”  algorithm.^^ 

The  Perdew-Zunger  parametrization^^  of  the  Ceperley- 
Alder  form^^  of  the  exchange- correlation  energy  was  cho¬ 
sen.  Non-local,  norm-conserving  pseudopotentials^®*"^^ 
were  included  using  the  Kleinman-Bylander  approach.^® 
For  gallium,  a  recently-developed  .norm-conserving  pseu¬ 
dopotential,  which  includes  a  non-local  core  correction/^ 
and  permits  an  efficient  description  without  the  need  for 
an  explicit  treatment  of  the  d- valence  electrons  was  used. 
For  nitrogen,  a  standard  pseudopotential  with  a  neutral 
configuration  as  the  atomic  reference  for  all  states  was 
employed.  These  pseudopotentials  have  been  demon¬ 
strated  to  reproduce  accurately  the  bulk  properties  of 
GaN.i® 

The  calculated  bulk  properties  are  presented  in  Ta¬ 
ble  I.  The  theoretical  lattice  parameters  of  both  the 
zinc-blende  and  wurtzite  forms  agree  very  well  with  ex¬ 
periment;  a  similar  level  of  accuracy  is  expected  for  the 
surface  and  interface  calculations  described  below.  The 
cohesive  energy  of  GaN  and  a-Ga  is  10.42  eV  and  3.4  eV, 
respectively.  The  binding  energy  of  nitrogen  molecule  is 
5.87  eV  per  nitrogen  atom,  in  good  agreement  with  other 
LDA  calculations.^®  The  theoretical  heat  of  formation  of 
GaN  is  thus  1.15  eV,  in  good  agreement  with  the  exper¬ 
imental  value  of  1.14  eV. 


INTERFACE  PROPERTIES 

Interface  behavior  is  very  important  in  determining  the 
properties  of  semiconductor  devices.  We  have  investi¬ 
gated  the  wurtzite  (0001)  GaN/AlN  interface.  Superlat¬ 
tices  of  AIN  and  GaN  are  expected  to  be  strained  be¬ 
cause  of  the  3.5%  theoretical  lattice-mismatch  between 
AIN  and  GaN  (the  experimental  value  is  2.7%).  The  ef¬ 
fects  of  the  strain  were  incorporated  using  macroscopic 
elasticity  theory.^®  In  this  theory,  each  half  of  the  hetero¬ 
junction  is  treated  as  a  strained  bulk  with  a  fixed  in-plane 
lattice  constant  a}|.  The  strain  energy  of  the  system  is 
minimized,  keeping  the  in-plane  lattice  constant  fixed,  to 
determine  the  perpendicular  lattice  constant,  c,  of  the 
epilayer.  For  AIN  and  GaN,  the  calculated  elastic  con¬ 
stants  used  to  determine  the  strains  are  given  in  Table  II. 
Total  energy  calculations  confirm  the  that  macroscopic 
elasticity  theory  predicts  well  the  perpendicular  lattice 
constant  for  the  epilayer.  The  residual  relaxation  of  the 
atoms  at  the  interface  is  negligible  (<  0.05  A)  and  does 
not  affect  the  band  offset  of  the  interface.^® 

The  band  offsets  of  the  (0001)  GaN/AlN  strained 
heterojunction  were  studied  following  the  procedure  of 
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Ref.  21,  The  valence  band  offset  is  divided  into  a  band- 
structure  contribution,  which  is  the  difference  between 
the  energies  of  the  valence-band  and  conduction-band 
edges  when  the  average  electrostatic  potentials  of  the  epi- 
layers  are  aligned,  and  the  difference  in  the  value  of  the 
average  electrostatic  potential  (AF)  in  the  two  epilayers 
of  the  heterostructure.  Strain  will  affect  the  electronic 
properties  of  the  interface  through  the  variation  of  the 
average  electrostatic  potentials  and  through  the  varia¬ 
tions  of  the  band  edges  (deformation  potentials).  The 
calculated  valence-band  offset  in  the  case  of  an  'AIN  in¬ 
plane  lattice  constant  (strained  GaN)  is  estimated  to  be 
-0.57  eV,^^  a  value  smaller  than  the  result  for  the  strained 
non-polar  (001)  GaN/AlN  interface.  The  ratio  of  the 
conduction-band  to  valence-band  offset  is  65:20.  These 
results  agree  very  well  with  the  experimental  measure¬ 
ments  of  the  (0001)  wurtzite  interface.^^ 

As  spin-orbit  effects  in  both  AIN  and  GaN  have  been 
shown  to  be  of  the  order  of  20  meV,  their  difference, 
which  enters  into  the  calculations  of  the  band  offsets,  is 
much  smaller  than  other  possible  sources  of  systematic 
error.^"^  These  include  the  neglect  of  the  anion  p-  and 
cation  d-state  repulsion^^  and  the  well-known  neglect  of 
many-body  effects  in  the  LDA.  In  GaN/AlN  interfaces, 
the  inclusion  of  the  3d-electrons  as  valence  electrons  re¬ 
sults  in  a  constant  shift  of  0.2  eV,  which  is  less  than 
the  experimental  error and  does  not  change  the  char¬ 
acter  of  the  interface.  Incorporating  this  shift  gives  re¬ 
sults  in  agreement  with  previous  work  using  a  d- valence 
pseudopot ential^^  and  an  all-electron  calculation.^®  The 
importance  of  many-body  effects  on  the  band  offsets  is 
not  known  and  awaits  a  future  GW  calculation. 

The  wurtzite  system  displays  pyroelectric  and  piezo¬ 
electric  behavior.^*^  These  effects  will  manifest  them¬ 
selves  macroscopically  in  multiple-quantum-wells  along 
those  directions  that  do  not  have  a  perpendicular  mirror- 
plane.^®’^^  In  (0001)  strained  GaN/AlN,  we  observe  a 
substantial  electric  field  as  has  been  previously  noted  by 
Satta  and  coworkers.®®  We  have  calculated  the  sponta¬ 
neous  bulk  polarization  of  unstrained  AIN  and  the  strain- 
induced  polarization  for  the  GaN  epilayer,  in  order  to  dis¬ 
tinguish  the  bulk  pyroelectric  and  piezoelectric  contribu¬ 
tions  to  this  field  from  that  induced  by  the  interface.  A 
superlattice  consisting  of  8  layers  of  wurtzite  and  6  layers 
of  lattice-matched  zinc-blende  was  used.®^  In  unstrained 
zinc-blende,  the  bulk  spontaneous  polarization  is  rigor¬ 
ously  zero.  Further,  zinc-blende-wurtzite  interface  does 
not  introduce  any  chemical  or  geometrical  perturbations. 
This  construction,  therefore,  permits  the  unambiguous 
determination  of  the  spontaneous  polarization  present  in 
the  wurtzite  structure  from  the  slope  of  the  macroscopic 
average  of  the  electrostatic  potential.  The  spontaneous 
polarization  (P3)  of  AIN  and  GaN  in  equilibrium  is  - 
1.227  ^C/cm^  and  -0.448  ^C/cm^  respectively;  the  po¬ 
larization  of  the  strained  GaN  is  -0.454  /xC/cm^.  These 
values  are  comparable  to  the  computed  bulk  polariza¬ 
tion  in  BeO.®^  The  effect  of  the  interface  dipole  is  small; 
the  polarization  in  the  GaN/AlN  multiple-quantum- well 


is  well  described  as  the  sum  of  the  polarizations  of  the 
constituent  epilayers  of  the  multiple-quant um-well.  The 
estimated  contribution  of  the  interface  dipole  (which  in¬ 
cludes  the  response  of  one  epilayer  to  the  field  of  the 
other)  is  0.057  /xC/cm^,  which  is  of  opposite  sign  and 
an  order  of  magnitude  smaller  than  the  bulk  polariza¬ 
tions.  The  computed  value  of  the  polarization  in  the 
superlattice  agrees  with  that  estimated  from  experiment 
by  Martin  et  a/.^® 

SURFACE  RECONSTRUCTIONS 

The  (0001)  surface  is  a  polar  surface.  The  ideal  surface 
has  dangling  bopd^,  with  chargee  distributions  that  are 
energetically  unfavorable.  If  kinetically  permitted,  the 
surface  atoms  will  relax  and  redistribute  the  “dangling- 
bond”  charge  density  so  as  to  satisfy  the  valences  of 
all  of  the  surface  species.  This  can  be  achieved  via 
structural  relaxation  (with  a  concomitant  charge  trans¬ 
fer  between  surface  atoms).  Recent  experimental  studies 
have  revealed  the  presence  of  2  x  2  reconstructions  during 
growth.®^  In  this  paper,  we  restrict  our  attention  to  these 
reconstructions  on  the  gallium-terminated  face. 

We  considered  eight  different  2x2  reconstructions, 
namely  the  ideal  relaxed  structure  and  gallium  vacancy, 
nitrogen  adatom,  gallium  adatom  and  nitrogen-trimer, 
each  on  the  T3  and  H3  (hollow)  sites  (See  Figs.  1  and 
2).  We  find  that  adatom  reconstructions  are  the  most 
energetically  favorable  of  the  studied  reconstructions. 
In  particular,  in  the  gallium-rich  case  that  the  gallium 
adatom  on  the  T3  site  has  the  lowest  energy,  while  in  the 
nitrogen-rich  case  the  nitrogen  adatom  on  the  H3  is  the 
most  stable. 

The  slabs  contained  four  bilayers  of  GaN,  three  bilay¬ 
ers  of  which  were  relaxed.  Relaxations  in  the  third  bi¬ 
layer  were  negligible,  indicating  that  a  sufficiently  thick 
slab  was  employed.  Pseudo-hydrogens  with  Z=0.75  pas¬ 
sivated  the  nitrogen-terminated  face.®®  If  the  work  func¬ 
tions  of  the  two  surfaces  are  different,  then  the  periodic 
boundary  conditions  of  the  supercell  enforce  a  common 
electrostatic  potential  in  the  vacuum  and  result  in  an  un¬ 
physical  change  in  the  electric  potential  in  the  vacuum 
region  equal  to  the  difference  between  the  two  work  func¬ 
tions.  A  large  vacuum  region  of  10  A  served  to  reduce 
the  size  of  this  field.  Previous  calculations  that  explic¬ 
itly  included  a  correction  for  this  field  did  not  show  sig¬ 
nificant  differences  in  the  final  equilibrium  geometries,®^ 
and  consequently  field  corrections  were  not  included  in 
our  calculations.  An  orthorhombic  supercell  with  grid 
spacing  of  0.21,  0.22  and  0.20  a.u.  in  the  x-,  y-  and 
z-directions,  repectively,  was  employed.  The  eight  recon¬ 
structions  mentioned  above  were  studied  using  F-point 
sampling.  For  the  lowest  energy  structures  of  each  class 
z.e.,  nitrogen  adatom  on  H3  site,  nitrogen  trimer  on  the 
T3  site,  etc.,  a  further  calculation  using  two  k-points  in 
the  irreducible  Brillioun  zone  was  carried  out. 
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Fig.  3  displays  the  relative  surface  energies  for  the  five 
different  reconstructions  calculated  using  2  k-points  in 
the  irreducible  Brillouin  zone.  Under  gallium-rich  condi¬ 
tions  and  for  most  of  the  range  of  the  chemical  potential, 
the  lowest  energy  reconstruction  is  the  gallium-adatom 
on  the  Ts-site;  while  under  nitrogen-rich  conditions,  the 
reconstruction  with  the  nitrogen-adatom  on  the  Ha-site 
is  preferred  energetically. 

The  gallium-adatom  reconstruction  is  shown  in  Fig.  1. 
The  adatom  sits  on  the  Ts-site  above  the  subsurface  ni¬ 
trogen  atom;  the  gallium-nitrogen  distance  is  2. 46  A.  The 
gallium-adatom  surface-gallium  bond  length  is  2.40  A, 
which  is  very  close  to  the  Ga-dimer  distance  in  a-gallium 
(2.44  A).  The  bond  angle  between  two  gallium  surface 
atoms  and  the  adatom  is  82®.  The  in-plane  relaxation 
of  the  surface  atoms  is  negligible;  the  only  observed  re¬ 
laxation  of  the  first  bilayer  is  along  the  z-direction.  The 
three  gallium  atoms  bonded  to  the  adatom  remain  copla- 
nar  to  a  significant  degree,  while  the  remaining  unbonded 
gallium  surface  atom  relaxes  into  the  slab.  The  proximity 
of  the  gallium  adatom  to  the  nitrogen  subsurface  atom 
lowers  the  electrostatic  energy  and  makes  this  particu¬ 
lar  configuration  energetically  more  favorable  than  the 
gallium  adatom  reconstruction  with  the  adatom  on  the 
hollow  site. 

The  nitrogen-adatom  reconstruction  is  shown  in  Fig.  2. 
The  adatom  sits  on  the  hollow  (H3)  site.  The  nitrogen- 
adatom  surface-gallium  bond-length  is  2.0  A  and  is  very 
close  to  the  Ga-N  bond  length  distance  in  GaN  bulk 
(1.96  A).  The  bond  angle  between  two  gallium  surface 
atoms  and  the  nitrogen  adatom  is  89®.  The  relaxation 
perpendicular  to  the  surface  is  very  similar  to  that  in 
the  gallium-adatom  reconstruction.  This  configuration 
is  stabilized  because  it  separates  the  nitrogen  adatom 
from  the  subsurface  nitrogen  atom  and  thereby  lowers 
the  electrostatic  repulsion. 


SUMMARY 

We  have  reviewed  a  selection  of  theoretical  results 
for  the  properties  of  interfaces  and  surfaces  of  the  gal¬ 
lium  and  aluminium  nitrides.  The  electronic  proper¬ 
ties  of  wurtzite  heteroepitaxial  interfaces  of  AIN  and 
GaN,  incorporating  the  effects  of  strain  were  discussed. 
The  strained  AlN/GaN  interface  is  of  Type  I  and  has 
a  valence-band  offset  of  -0.57  eV.  As  a  result  of  the 
pyro-  and  piezoelectric  nature  of  the  wurtzite  nitrides, 
macroscopic  polarization  of  0.057  /iC/cm^,  is  present  in 
multiple-quantum- wells  along  the  (0001)  direction.  The 
surface  energies  and  atomic  geometries  of  the  2x2  re¬ 
constructions  of  the  (0001)  face  of  GaN  were  also  in¬ 
vestigated.  Adatom  reconstructions  were  found  to  be 
the  most  energetically  favorable  over  the  whole  range 
of  gallium  chemical  potential:  under  gallium-rich  con¬ 
ditions,  the  reconstruction  with  a  gallium-adatom  on 
a  Ta-site  is  the  most  energetically  favorable,  while  un¬ 
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TABLE  I.  Calculated  bulk  properties  of  zinc-blende  and 
wurtzite  nitride  semiconductors.  The  values  of  the  gap  at  the 
P-pt  (Er)  and  of  the  valence-band  width  (AEvbw)  are  the 
LDA  results.  Note  that  the  LDA  indirect  gap  in  zinc-blende 
AIN  is  3.2  eV.  Experimental  values  are  in  brackets  and  follow 


Ref.  35. 


zinc-blende 

AIN 

GaN 

InN 

ao  (A) 

4.37  (4.38) 

4.52  (4.5) 

5.01  (4.98) 

Bo  (MBar) 

2.02  (2.02) 

1.70  (1.90) 

1.58  (1.37) 

wurtzite 

o(A) 

3.09  (3.11) 

3.20  (3.19) 

3.55  (3.54) 

da 

1.62.  (1^60) 

1.63.(1;63) 

1.63  (1.61) 

u  (units  of  c)  0.378  (0.382) 

0.376  (0.377) 

0.375 

Bo  (MBar) 

1.99  (2.02) 

1.69  (1.95,  2.37)  1.62  (1.26,  1.39) 

TABLE  II. 

Elastic  constants  calculated 

for  zinc-blende 

AIN,  GaN  and  InN  (in  units  of  MBar).  The  experimental 

values  in  brackets  are  from  Ref.  36. 

AIN 

GaN 

InN 

Cll 

3.01 

2.61  (2.64) 

2.14 

Cl2 

1.62 

1.27  (1.53) 

1.37 
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FIG.  1.  Schematic  top  view  of  the  2x2  gallium- adatom 
reconstruction  on  the  (0001)  surface  of  GaN.  The  gallium 
adatom  (in  grey)  sits  above  a  nitrogen  in  the  second  layer 
on  the  Ta  site.  The  numbers  denote  gallium  atoms  on  the 
surface,  while  the  primed  numbers  denote  nitrogen  atoms  in 
the  first  sub-surface  layer. 


FIG.  3.  Formation  energy  vs.  gallium  chemical  potential 
for  the  (0001)  surface.  The  maiximum  chemical  potential  for  N 
(Ga)  is  equal  to  the  energy  per  atom  calculated  for  N2  (bulk 
Ga).  Two  k-points  are  sampled  in  the  irreducible  Brillioun 
zone. 


FIG.  2.  Schematic  top  view  of  the  2x2  nitrogen-adatom 
reconstruction  on  the  (0001)  surface  of  GaN.  The  nitrogen 
adatom  sits  above  the  hollow  (H3)  site.  The  numbers  denote 
nitrogen  atoms  on  the  surface,  while  the  primed  numbers  de¬ 
note  gallium  atoms  in  the  first  sub-surface  layer. 
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VI.  Theory  of  Surface  Morphology  of  Wurtzite  GaN  (0001) 
Surfaces 


Krzysztof  Rapcewicz,  Marco  Buongiorno  Nardelli  and  J.  Bernholc 
Department  of  Physics,  North  Carolina  State  University,  Raleigh,  NC  27695-8202 


Abstract 

The  influence  of  growth  conditions  and  surface  polarity  upon  the  morphology 
of  (0001)  GaN  surfaces  is  studied  from  first  principles.  The  charge  transfer 
between  the  Ga  and  N  atoms  in  GaN  and  the  very  large  electronegativity  of 
nitrogen  are  found  to  play  decisive  roles  in  determining  the  stable  reconstruc¬ 
tions.  Further,  hydrogen  stabilizes  the  ideally  cleaved  surface  irrespective  of 
polarity.  For  both  polarities,  adsorption  of  3/4  of  a  monolayer  of  hydrogen 

results  in  a  very  stable  smrface  with  a  2x2  symmetry. 

68.35.Md  71.55.Eq  31.15.Ar 
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The  commercial  production  of  high-brightness  blue  LED’s  and  the  recent  demonstration 
of  laser  diodes,^  have  realized  the  expectations  that  have  been  held  out  for  the  III-V  nitrides 
as  optoelectronic  materials.  Advances  in  the  application  of  this  material  to  devices  have 
been  very  closely  tied  to  progress  in  the  growth  of  epitaxial  layers  and  heterostructures. 
Thus,  a  refined  understanding  of  its  growth  is  necessary  for  a  further  improvement  of  the 
quality  of  the  material.  In  spite  of  the  great  effort  that  has  been  expended  on  the  study  of 
growth,  even  the  polarity  of  the  surface,  i.e.  whether  the  surface  ia,.Ga-T  or  N-terminated, 
remains  to  be  fully  determined.^  The  surface  morphology  depends  critically  upon  polarity,^ 
and  the  uncertainty  about  the  surface  polarity  will  hinder  progress  in  growth  technology. 

The  two  chief  methods  employed  for  epitaxial  growth  of  GaN  are  metalorganic  chemical 
vapor  deposition  (MOCVD)  and  molecular  beam  epitaxy  (MBE).  Further,  a  variety  of  sub¬ 
strates  and  a  spectrum  of  buffer  layers  have  been  used  to  grow  GaN,  making  interpretation 
of  the  experimental  data  difficult.  This  is  reflected  in  the  fact  that  MBE  grown  samples 
of  unknown  polarity  exhibit  a  2x2  reconstruction,^  while  samples  grown  by  MOCVD  on 
sapphire  have  been  shown  to  have  different  terminations  depending  upon  the  preparation 
of  the  buffer  layer  or  growth  parameters.^’®’®  It  is  generally  agreed  that  the  Ga-terminated 
MOCVD-grown  samples  are  smooth,  which  is  consistent  with  the  observed  2-dimensional 
growth  in  MBE  of  a  presumed  Ga-terminated  surface.  However,  conflicting  conclusions  have 
been  made  about  the  N-terminated  surface;  it  has  been  show  to  have  inversion  domains,®  to 
be  faceted®  and  to  have  a  1x1  reconstruction  with  a  3/4  monolayer  of  hydrogen  coverage.® 

In  this  situation,  a  theoretical  characterization  of  the  surface  morphology  can  provide 
a  framework  for  the  interpretation  of  the  experimental  results.  Thus,  we  have  studied  the 
dependence  upon  growth  conditions  of  the  2x2  reconstructions  of  clean  GaN(OOOl)  surfaces 
with  both  polarities.  We  find  that  the  ionic  nature  of  GaN  and  the  very  large  electronegativ¬ 
ity  of  nitrogen  determine  the  adsorption  sites  for  the  lowest  energy  adatom  reconstructions 
and  their  subsequent  behavior.  Because  the  presence  of  hydrogen  in  MOCVD  constitutes  a 
major  difference  between  the  growth  parameters  of  MBE  and  MOCVD,  we  have  also  studied 
the  influence  of  adsorbed  hydrogen  on  the  surface  morphology  of  GaN. 
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All  calculations  were  carried  out  within  the  framework  of  a  multigrid-based  total- 
energy  method  that  uses  a  real-space  grid  as  the  basis.  Multigrid  methods  provide  ef¬ 
fective  convergence  acceleration  and  preconditioning  on  all  length  scales.^  The  Perdew- 
Zunger  parametrization®  of  the  Ceperley- Alder  form®  of  the  exchange-correlation  energy  was 
used.  Non-local,  norm-conserving  pseiidopotentials^®”^^  were  included  using  the  Kleinman- 
Bylander  approach.^®  The  slabs  contained  four  bilayers  of  GaN,  three  of  which  were  relaxed. 
Relaxations  in  the  third  bilayer  were  negligible,  indicating  that  a  sufficiently  large  slab  was 
employed.  For  calculations  of  the  reconstructions  of  the  Ga-terminated  surface,  pseudo¬ 
hydrogens  of  charge  0.75  passivated  the  N-terminated  face,  while  for  the  study  of  the  N- 
terminated  face,  pseudo-hydrogens  of  charge  1.25  passivated  the  Ga-terminated  surface.^^  A 
vacuum  region  of  10  A  was  used.  An  orthorhombic  supercell  with  grid  spacing  of  0.27,  0.26 
and  0.27  a.u.  in  the  x-,  y-  and  z-directions,  respectively,  was  employed  after  a  careful  con¬ 
vergence  study,  thereby  ensuring  that  the  real-space  description  of  the  pseudopotentials  is 
accurate.^®  Due  to  the  well-known  failure  of  the  local  density  approximation  to  describe  the 
band  gap,  we  obtain  a  bulk  LDA  gap  of  2.26  eV  for  GaN,  as  compared  to  the  experimental 
value  of  3.4  eV.  However,  the  relative  positions  of  the  bulk  and  surface  states  are  determined 
far  more  accurately.  Further  discussion  of  the  calculations  is  given  elsewhere. 

For  the  clean  gallium-  and  nitrogen-terminated  surfaces,  we  studied  the  1x1  ideal,  re¬ 
laxed  structure  and  seven  different  2x2  reconstructions,  namely  the  2x2  vacancy  structure, 
and  2x2  nitrogen  adatom,  gallium  adatom  and  nitrogen-trimer  structures,  each  on  the  T3 
and  H3  sites  (see  Figure  1).  The  lowest-energy  reconstructions  are  all  semiconducting  and 
have  surface  states  in  the  gap.  We  also  investigated  1/4  and  3/4  monolayers  of  hydrogen 
adsorbed  on  the  ideally  cleaved  surfaces  of  both  polarities. 

Fig.  2  displays  the  relative  surface  energies  for  the  five  lowest  energy  reconstructions 
of  each  type  on  the  Ga-terminated  (0001)  surface.  For  gallium  rich  conditions,  the  gallium 
adatom  sits  on  the  T3-site  above  the  subsurface  nitrogen  atom.  Because  bonding  in  GaN  has 
a  strongly  ionic  component,  charge  is  transferred  from  the  Ga  to  the  N  atom.  Consequently, 
the  proximity  of  the  gallium  adatom  to  the  nitrogen  subsurface  atom  lowers  the  electrostatic 
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energy  and  makes  this  particular  configuration  more  favorable  energetically  than  the  gallium 
adatom  reconstruction  with  the  adatom  on  the  hollow  site.  Due  to  the  stoichiometry  of  the 
gallium-adatom  reconstruction  on  the  (0001)  surface,  the  dangling  bond  on  the  non-bonded 
gallium  surface  atom  is  empty.  A  surface  state  is  nonetheless  present  at  about  1.1  eV.  This 
state  corresponds  to  a  bonding  state 'between  the  gallium  adatom  and  a  gallium  surface 
atom.  The  character  of  this  bond  is  similar  to  the  covalent  bond  seen  in  a-Ga. 

Under  nitrogen  rich  conditions,  the  nitrogen  adatom  sits  on.  the  hollow  (H3)  site.  This 
configuration  is  stabilized  because  it  separates  the  nitrogen  adatom  from  the  subsurface 
nitrogen  atom  and  thereby  lowers  the  electrostatic  energy.  The  presence  of  dangling  bonds 
in  the  nitrogen-adatom  reconstruction  leads  us  to  expect  surface  states  in  the  gap.  This  is 
confirmed  by  the  calculation,  which  shows  surface  states  localized  on  the  nitrogen  adatom. 
There  is  a  flat  surface-band  of  Px-Py  character  that  lies  just  below  the  valence-band  maximum 
(VBM)  throughout  the  whole  Brillouin  zone  and  decays  into  a  resonance  at  F.  We  find  that 
the  true  dangling-bond  state  of  the  nitrogen  adatom  lies  about  1.0  eV  above  the  VBM. 

Fig.  3  shows  the  relative  surface  energies  for  the  five  lowest  energy  reconstructions  of  each 
type  on  the  N-terminated  (0001)  surface.  Under  gallium-rich  conditions  and  for  most  of  the 
range  of  the  chemical  potential,  the  reconstruction  with  the  gallium-adatom  on  the  Hs-site 
is  the  most  energetically  favorable.  The  adatom  sits  on  the  Hs-site.  The  same  electrostatic 
argument  applied  to  the  Ga-terminated  reconstructions  is  valid  here:  the  gallium  adatom  on 
the  hollow  site  optimizes  the  electrostatic  energy  by  maximizing  the  separation  between  the 
gallium  adatom  and  the  gallium  subsurface  atoms.  As  a  result  of  the  stoichiometry  of  the 
gallium-adatom  reconstruction,  there  is  an  occupied  dangling-bond  state  on  the  non-bonded 
surface  nitrogen  atom.  This  gives  rise  to  a  surface  state  at  about  0.3  eV  above  the  VBM 
that  has  a  Pz  character. 

Under  nitrogen-rich  conditions,  a  unique  scenario  occurs:  the  nitrogen  adatom  recon¬ 
structs  to  form  an  N2  molecule  which  is  bonded  to  a  substrate  that  has  a  reconstruction 
very  similar  to  the  nitrogen  vacancy  reconstruction  (see  Figure  4),  which,  by  itself,  is  unsta¬ 
ble  over  the  whole  range  of  chemical  potential  (c/.  Figure  3).  The  strength  of  the  N-N  bond 
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in  the  N2  molecule  is  the  driving  force  behind  this  reconstruction.  Indeed,  the  dimerization 
of  the  nitrogen  adatom  is  found  to  occur  irrespective  of  our  trial  initial  position  of  the  extra 
nitrogen  atom.  This  suggests  that  free  nitrogen  atoms  in  the  vicinity  of  the  nitrogen  surface 
will  prefer  to  bond  to  one  of  the  surface  atoms  and  form  N2  molecules.  The  binding  energy  of 
the  N2  molecule  to  the  substrate  is  0.3 'eV,  while  the  theoretical  binding  energy  per  nitrogen 
atom  of  N2  is  5.9  eV.  Consequently,  the  evaporation  of  N2  from  the  surface  is  much  more 
likely  to  occur  than  the  dissociation  of  the  molecule  itself.  As  the  vacancy  reconstruction 
is  unstable  over  the  entire  range  of  chemical  potential,  evaporation  of  the  N2  molecule  will 
lead  to  a  cascade  of  reconstructions.  Correcting  for  the  1.1  eV/atom  overestimate  of  the 
binding  energy  of  the  molecule  by  density  functional  theory  will  not  alter  this  conclusion.  A 
filled  dangling-bond  state  with  symmetry  is  found  just  above  the  VBM  in  the  case  of  the 
nitrogen-dimer/nitrogen- vacancy  reconstruction.  The  molecular  levels  of  the  triple  bond  of 
the  nitrogen  dimer  lie  deep  in  the  valence  band,  with  a  spectrum  that  resembles  very  closely 
the  spectrum  of  the  isolated  molecule. 

Characteristic  of  MOCVD  growth  is  the  presence  of  hydrogen.  We  have  therefore  studied 
how  adsorbed  hydrogen  affects  the  surface  morphology  and  find  that  its  impact  is  signifi¬ 
cant.  For  both  polarities,  a  surface  with  a  3/4  monolayer  of  hydrogen  adsorbed  on  the  ideally 
cleaved  structure  is  more  stable  than  any  of  the  previously  considered  2x2  reconstructions 
over  the  entire  spectrum  of  the  chemical  potentials,  where  the  ranges  of  the  chemical  po¬ 
tentials  for  gallium  and  nitrogen  are  bounded  by  the  chemical  potential  for  gallium  metal 
and  N2  and  the  chemical  potential  of  hydrogen  is  the  binding  energy  per  atom  in  the  H2 
molecule. 

For  a  3/4  monolayer  coverage  on  the  Ga-terminated  surface,  the  hydrogen  atoms  sit 
above  the  gallium  atoms.  As  a  result  of  the  relaxation  of  the  gallium  atom  not  bonded  to 
a  hydrogen  atom,  the  surface  has  a  2x2  symmetry.  No  surface  states  are  found  in  the  gap; 
however,  there  is  a  flat  surface  band  at  -0.9  eV,  which  decays  into  the  bulk  at  F. 

For  a  3/4  monolayer  of  hydrogen  adsorbed  on  the  N-terminated  surface,  the  hydrogen 
atoms  sit  above  the  nitrogen  atoms.  The  H-N  bond  length  is  the  very  close  to  H-N  bond 
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length  in  NH3.  The  nitrogen  atoms  bonded  to  the  hydrogen  atoms  undergo  a  small  inward 
relaxation,  while  the  nonbonded  nitrogen  relaxes  very  slightly  outwards,  so  that  the  surface, 
in  fact,  has  a  2x2  symmetry.  As  shown  in  Figure  5,  this  reconstruction  has  a  surface 
band  just  below  the  valence  band  maximum.  The  band  arises  from  the  filled  dangling-bond 
state  on  surface  nitrogen  atom  that  is  not  bonded  to  an  adsorbed  hydrogen  atom  and  has 
P2-symmetry. 

LEED  measurements  on  the  N-terminated  surface  concluded  that  a»  surface  with  a  3/4 
monolayer  of  hydrogen  adsorbed  has  a  1  x  1  symmetry.  The  relaxation  of  the  surface  ni¬ 
trogen  atoms  was  found  to  be  below  the  resolution  of  LEED,®  which  is  in  agreement  with 
the  small  relaxations  found  here.  Further  a  recent  experiment  on  a  sample  grown  by  MBE 
on  a  sapphire  substrate  revealed  a  semiconducting  surface  with  a  1x1  symmetry,  which 
has  a  flat  surface-band  just  below  the  valence  band  maximum.^®  We  have  compared  these 
data  to  all  of  the  stable  surface  structures  described  above.  The  only  structure  that  repro¬ 
duces  the  experimental  results  is  the  3/4  monolayer  H  structure,  in  a  2x2  reconstruction 
on  the  N-terminated  surface.  In  all  other  cases,  the  agreement  is  poor.  In  Fig.  4,  the  ex¬ 
perimentally  observed  surface  band  is  shown  superimposed  on  the  theoretically  determined 
projected-band  structure  for  3/4  H-adatom  structure  on  the  N-terminated  surface.  The 
good  agreement  between  our  results  and  the  data  suggests  that  this  sample  is  N-terminated 
with  adsorbed  hydrogen.  However,  it  should  be  noted  that  the  samples  were  grown  by  MBE 
and  that  hydrogen  was  not  intentionally  introduced  into  the  system.^® 

In  summary,  we  have  investigated  the  dependence  of  the  equilibrium  surface  morphol¬ 
ogy  of  GaN  upon  the  growth  conditions.  The  decisive  factors  favoring  the  lowest-energy 
reconstructions  are  the  ionic  character  of  the  Ga-N  bond  and  the  strength  of  the  N-N  bond. 
Under  gallium-rich  conditions,  gallium-adatom  reconstructions  are  the  most  energetically 
favorable  of  the  2x2  reconstructions  studied,  irrespective  of  the  polarity  of  the  surface. 
Under  nitrogen-rich  conditions,  a  nitrogen-adatom  reconstruction  is  most  stable  on  the  Ga- 
terminated  surface.  On  the  N-terminated  surface,  a  nitrogen  atom  spontaneously  bonds  to 
a  surface  nitrogen  atom  creating  a  nitrogen  molecule  and  a  vacancy  substrate.  The  molecule 
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is  weakly  bound  and  is  expected  to  evaporate  at  the  high  temperatures  of  growth.  Since  the 
vacancy  reconstruction  is  unstable  over  the  whole  range  of  chemical  potential,  the  evapora¬ 
tion  of  the  N2  molecules  should  lead  to  a  cascade  of  reconstructions  of  the  substrate.  For 
both  polarities,  a  3/4  monolayer  of  hydrogen  stabilizes  the  relaxed,  ideally  cleaved  surfaces; 
these  reconstructions  have  a  2x2  synimetry  and  a  flat  surface  band  below  the  VBM.  The 
very  small  relaxation  of  the  surface  atoms  on  the  N-terminated  surface,  which  is  below  the 
resolution  of  LEED,®  means  that  this  surface  will  appear  as  1x1. 

We  would  like  to  acknowledge  fruitful  conversations  with  Drs.  P.  Boguslawski,  C.  Bungaro 
and  J.  Schetzina. 


78 


REFERENCES 


^  S.  Nakamura,  M.  Senoh,  S.  Nagahama,  N.  Iwasa,  T.  Yamada,  T.  Matsushita,  H.  Kiyoku 
and  Y.  Sugimoto,  Jpn.  J.  Appl.  Phys.  35,  L74  (1996). 

^G.  Nowak,  S.  Krukowski,  1.  Grzegory,  S.  Porowski,  J.  M.  Baranowski,  K.  Pakula 
and  J.  Zak,  MRS  Internet  J.  Nitride  Semicond.  Res.  1,  5  (1996);  E.  S.  Heilman, 
D.  N.  E.  Buchanan,  D.  Wiesmann  and  I.  Brener,  MRS  Internet  J.  Nitride  Semicond.  Res. 
1,  16  (1996);  W.  E.  Packard,  J.  D.  Dow,  R.  Nicolaides,  K.  Doverspike  and  R.  Kaplan, 
Superlattices  and  Microstructure,  20,  145  (1996). 

^B.  Daudin,  J.  L.  Roviere  and  M.  Arlery,  Appl.  Phys.  Lett.  69,  2480  (1996);  J.  L.  Roviere, 
M.  Arley,  R.  Niebuhr,  K.  H.  Bachem  and  O.  Briot,  MRS  Internet  J.  Nitride  Semicond.  Res. 

I,  33  (1996). 

^W.  C.  Hughes,  W.  H.  Rowland,  Jr.,  M.  A.  L.  Johnson,  S.  Fujita,  J.  W.  Cook,  Jr., 

J.  F.  Schetzina,  J.  Ren  and  J.  A.  Edmond,  J.  Vac.  Sci.  Technol.  B  13,  1571  (1995); 
and  M.  A.  L.  Johnson,  Z.  Yu,  C.  Boney,  W.  H.  Rowland  Jr.,  W.  C.  Hughes,  J.  W.  Cook 
Jr.,  J.  F.  Schetzina,  N.  A.  El-Masry,  M.  T.  Leonard,  H.  S.  Kong  and  J.  A.  Edmond,  MRS 
Proceedings  449,  271  (1997).  T.  D.  Moustakas,  Mat.  Res.  Soc.  Symp.  Proc.  395,  111 
(1996). 

®  F.  A.  Ponce,  D.  P.  Bour,  W.  T.  Young,  M.  Saunders  and  J.  W.  Steeds,  Appl.  Phys.  Lett. 
69,  337  (1996). 

®M.  M.  Sung,  J.  Ahn,  V.  Bykov,  J.  W.  Rabalais,  D.  D.  Koleske  and  A.  E.  Wickenden, 
Phys.  Rev.  B  54,  14652  (1996). 

^E.  L.  Briggs,  D.  J.  Sullivan  and  J.  Bernholc,  Phys.  Rev.  B  52,  R5471  (1995);  Phys.  Rev.  B 
54,  14362  (1996). 

®  J.  Perdew  and  A.  Zunger,  Phys.  Rev.  B  23,  5048  (1981). 

®D.  Ceperley  and  B.  Alder,  Phys.  Rev.  Lett.  45,  566  (1980). 


79 


G.  Bachelet,  D.  Hamann  and  M.  Schliiter,  Phys.  Rev.  B  26,  4199  (1982). 

D.  Hamann,  M.  Schliiter  and  C.  Chiang,  Phys.  Rev.  Lett.  43,  1494  (1979). 

12  D.  Hamann,  Phys.  Rev.  B  40,  2980  (1989). 

i^L.  Kleinman  and  D.  Bylander,  Phys.  Rev.  Lett.  48,  1425  (1982). 

I'lR.  Shiraishi,  J.  Phys.  Soc.  Jap.  59,  3455  (1990). 
i^C.  Bungaro,  private  communication,  (1997). 

i®M.  Buongiorno  Nardelli,  K.  Rapcewicz  and  J.  Bernholc,  Phys.  Rev.  B  55,  R7323  (1997). 
i^K.  Rapcewicz,  M.  Buongiorno  Nardelli  and  J.  Bernholc,  to  be  published  (1997). 

1®  S.  S.  Dhesi,  C.  B.  Stagarescu,  K.  E.  Smith,  R.  Singh  and  T.  D.  Moustakas,  preprint  (1997). 


80 


FIGURES 


FIG.  1.  Schematic  top  view  of  the  (0001)  GaN  surface.  On  the  Ga-terminated  (0001)  surface, 
the  black  atoms  are  gallium  atoms;  while  the  white  atoms  are  nitrogen  atoms;  the  situation  is 
reversed  on  the  N-terminated  (0001)  surface.  An  atom  in  the  T3  site  (represented  by  a  square 
inside  of  a  white  circle)  sits  above  a  subsurface  atom  (a  white  circle),  while  an  atom  in  the  H3  site 
(represented  by  a  square)  sits  in  the  hollow  site  as  shown.  The  circled  atoms  are  in  the  2x2  cell. 
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surface.  The  energies  are  calculated  with  respect  to  the  2x2  vacancy  reconstruction.  The  maximum 
chemical  potential  for  N  (Ga)  is  equal  to  the  energy  per  atom  calculated  for  N2  (bulk  Ga). 


FIG.  3.  Formation  energy  vs. 


gallium  chemical  potential  for  the  nitrogen-terminated  (0001) 


surface.  The  energies  are  quoted  with  respect  to  the  vacancy  reconstruction.  The  maximum 
chemical  potential  for  N  (Ga)  is  equal  to  the  energy  per  atom  calculated  for  N2  (bulk  Ga). 
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FIG.  4.  Schematic  side  (a)  and  top  (b)  views  of  the  2x2  nitrogen  dimer/nitrogen  vacancy 
reconstruction  on  the  (0001)  N-terminated  surface  of  GaN.  The  reconstruction  consists  of  a  nitrogen 
dimer  bound  to  a  2x2  nitrogen  vacancy  structiure.  The  white  circles  denote  the  nitrogen  atoms  on 
the  surface,  while  the  dark  circles  denote  gallium  atoms  in  the  first  sub-surface  layer.  The  shaded 
atoms  comprise  the  N2  dimer. 


83 


Mr  K 

FIG.  5.  Surface-projected  band-structure  for  a  3/4  monolayer  of  hydrogen  adsorbed  on  the 


nitrogen-terminated  surface  of  GaN.  The  circles  represent  the  experimental  results  of  Ref.  18. 
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Doping  properties  of  substitutional  C,  Si,  and  Ge  impurities 
in  wurtzite  GaN  and  AIN  were  studied  by  quantum  molecular 
dynamics.  We  considered  incorporation  of  impurities  on  both 
cation  and  anion  sublattices.  When  substituting  for  cations, 
Si  and  Ge  are  shallow  donors  in  GaN,  while  Ge  becomes  a 
deep  donor  in  AIN.  Both  impurities  are  deep  acceptors  on 
the  N  site.  Substitutional  Ccation  is  a  shallow  donor  in  GaN, 
but  a  deep  one  in  AIN;  Cjv  is  a  relatively  shallow  acceptor  in 
both  materials.  Two  effects  that  potentially  quench  doping 
efficiency  were  investigated.  The  first  one  is  the  transition 
of  a  donor  from  a  substitutional  position  to  a  DX-like  con¬ 
figuration.  In  crystals  with  the  wurtzite  symmetry,  there  are 
two  possible  variants  of  a  DX-like  state,  and  they  have  sub¬ 
stantially  different  properties.  In  GaN,  DX”  states  of  both 
Si  and  Ge  axe  unstable,  or  metastable,  and  thus  they  do  not 
affect  doping  efficiency.  In  contrast,  they  are  stable  in  AIN, 
and  therefore  neither  Si  nor  Ge  is  a  dopant  in  this  mate¬ 
rial.  Estimates  obtained  for  AliGai-^N  alloys  show  that  the 
crossover  composition  for  DX  stability  is  much  lower  for  Ge 
(x  Ci:  0.3)  than  for  Si  (x  0.6).  The  second  effect  quenching 
the  doping  efficiency  is  self-compensation,  i.e.,  simultaneous 
incorporation  of  impurity  atoms  on  both  cation  and  anion 
sublattice.  This  effect  may  be  enhanced  by  the  formation  of 
nearest-  neighbor  donor-acceptor  pairs.  The  ceJculated  bind¬ 
ing  energies  of  such  pairs  are  large,  about  1  eV,  infiuencing 
self-compensation  in  some  cases.  Finally,  the  computed  for¬ 
mation  energies  are  used  to  identify  growth  conditions  under 
which  all  these  impurities  may  be  efficient  dopants  in  wide 
band  gap  nitrides. 


I.  INTRODUCTION 

Wide  band-gap  nitrides  are  of  considerable  interest 
due  to  applications  in  blue/UV  light-emitting  diodes  and 
lasers,  and  in  high-temperature  electronics  [1,2].  To  ex¬ 
ploit  fully  the  potential  of  these  materials,  understanding 
and  control  of  doping  needs  to  be  achieved.  In  the  present 
work  we  study  substitutional  X=C,  Si,  and  Ge  impurities 
in  the  hexagonal  (wurtzite)  GaN  and  AIN.  This  choice 
is  motivated  by  the  frequent  usage  of  these  species  as 
dopants  of  III-V  semiconductors  [3-9].  Further,  both  C 
[10]  and  Si  may  be  unintentionally  incorporated  as  con¬ 
taminants  during  growth. 

In  general,  doping  properties  of  group-IV  atoms  in  a 
III-V  compound  are  much  more  complex  than  those  of 
group-II  or  group- VI  atoms.  This  is  because  in  the  two 


latter  cases  the  doping  efficiency  is  determined  by  the 
electronic  structure  of  dopant,  and  limited  only  by  its 
solubility.  However,  a  group-IV  atom  is  likely  to  become 
a  donor  when  incorporated  on  the  cation  site,  and  an 
acceptor  on  the  anion  site.  Thus,  a  problem  inherent 
to  doping  with  group-IV  efements  is  self-compensation, 
2.e.,  simultaneous  incorporation  of  the  dopant  on  both 
cation  and  anion  sublattices.  In  GaN  and  AIN  com¬ 
pounds,  where  there  are  large  differences  between  the 
atomic  radii  of  cations  and  anions,  one  could  expect  that 
self-compensation  is  blocked  by  strain  effects.  For  exam¬ 
ple,  a  carbon  atom  in  GaN  should  substitute  for  nitrogen, 
since  the  two  atoms  have  similar  atomic  radii,  while  the 
substitution  for  the  much  bigger  gallium  induces  a  large 
lattice  strain  energy  of  a  few  eV.  However,  in  competition 
with  the  strain  effects  are  processes  of  electron  transfer 
from  donors  to  acceptors.  Due  to  the  wide  band  gap 
of  nitrides,  they  lead  to  large  energy  gains  thereby  en¬ 
hancing  self-compensation.  The  tendency  towards  self¬ 
compensation  is  further  increased  by  the  formation  of 
donor-acceptor  pairs.  According  to  our  results,  bind¬ 
ing  energies  of  nearest-neighbor  donor-acceptor  pairs  are 
about  1  eV,  due  to  both  the  Coulomb  coupling  and  an  ad¬ 
ditional  short-range  interaction  of  comparable  strength. 

Another  factor  which  may  affect  the  doping  is  a  tran¬ 
sition  of  Xcation  donors  from  a  substitutional  to  a  DX- 
like  state.  In  the  wurtzite  structure  there  are  two  non¬ 
equivalent  DX-like  configurations,  in  which  the  broken 
bond  between  the  impurity  and  the  host  atom  is  either 
parallel  or  largely  perpendicular  to  the  c-axis.  We  have 
analyzed  both  variants  and  found  that  their  properties 
are  unexpectedly  different  in  terms  of  stability  and  elec¬ 
tronic  structure.  The  transformation  of  the  impurity  to  a 
DX  configuration  is  commonly  accompanied  by  a  capture 
of  a  second  electron  by.  the  donor,  which  quenches  the 
doping  efficiency.  According  to  our  results,  this  process 
does  not  occur  for  either  Si  or  Ge  in  GaN  (and  indeed 
the  quenching  of  the  doping  is  not  observed).  In  AIN, 
however,  the  DX""  states  are  stable  for  both  Si  and  Ge, 
implying  that  neither  impurity  is  a  dopant. 

The  present  paper  considers  all  of  the  above  issues. 
This  allows  us  to  identify  the  conditions  of  growth  under 
which  C,  Si,  and  Ge  are  excellent  dopants,  as  well  as  the 
conditions  for  which  substantial  quenching  of  the  doping 
efficiency  should  be  expected.  In  addition,  the  studies 
of  doping  of  pure  GaN  and  AIN  are  extended  to  those 
of  AlxGai_xN  alloys.  We  find  that  these  properties  are 
strongly  dependent  on  the  alloy  composition. 


II.  METHOD  OF  CALCULATIONS 

The  calculations  were  performed  using  quantum 
molecular  dynamics  [11],  with  atoms  being  efficiently  re¬ 
laxed  using  a  special  friction  force  [12].  Soft  pseudopo¬ 
tentials  for  N  and  C  were  used  [13],  which  allowed  for 
a  relatively  low  plane  wave  cutoff  of  30  Ry.  The  pseu¬ 
dopotential  of  Ge  was  generated  according  to  Ref.  [14]. 
Impurities  were  placed  in  a  72- atom  supercell.  Due  to 
size  of  the  cell,  the  summations  over  the  Brillouin  Zone 
were  approximated  by  one  fc-point  (F).  The  d-electrons 
of  Ga  were  treated  as  core  states.  This  approximation 
leads  to  errors  of  about  0.2  eV  in  the  band  gap  and 
0.3  eV  in  the  cohesive  energy  of  zinc  blende  GaN  [15]. 
In  the  calculations,  the  non-local  core  corrections  were 
neglected.  Our  very  recent  results  on  native  defects  in 
AlxGai^xN  alloys,  obtained  using  the  potentials  of  Ref. 
[16],  show  that  the  formation  energies  computed  with  and 
without  the  non-local  core  corrections  agree  to  within 
0.2  eV.  Further  errors  result  from  the  use  of  the  local 
density  approximation,  which  is  well-known  to  underes¬ 
timate  semiconductor  band  gaps,  but  these  errors  can 
be  minimized  by  quoting  the  positions  of  the  impurity- 
induced  levels  with  respect  to  the  nearest  band  edges.  In 
particular,  the  effective-mass  character  found  for  several 
impurity-induced  states  is  a  feature  that  will  persist  in 
more  accurate  calculations. 

III.  SUBSTITUTIONAL  CONFIGURATIONS 
AND  STRAIN  EFFECTS 

We  first  discuss  configurations  of  substitutional  impu¬ 
rities  and  strain  effects.  A  substitutional  impurity  in 
the  crystal  with  the  wurtzite  symmetry  has  four  nearest 
neighbors.  One  of  them,  located  along  the  c-axis  relative 
to  the  impurity  (called  here  type-1  neighbor),  is  non¬ 
equivalent  by  symmetry  to  the  remaining  three  neighbors 
(called  here  type-2  neighbors),  see  Fig.  1.  For  the  group- 
IV  impurities  considered  here,  the  non-equivalence  effect 
is  small,  since  the  bond  lengths  with  type-1  and  type-2 
neighbors  differ  by  less  than  1.5  %  in  most  cases  (the 
exceptions,  Cai  and  Ge^i^,  are  discussed  below).  In  all 
cases  we  find  breathing  mode  distortions  that  preserve 
the  local  hexagonal  symmetry.  The  calculated  changes 
of  bond  lengths  relative  to  the  bulk  values  (which  are 
bi=b2=1.96  A  for  GaN,  and  bi=1.93  and  b2=1.89  A  for 
AIN)  are  given  in  Table  I.  We  also  list  energy  gains  Erei 
due  to  the  relaxation  from  the  ideal  substitutional  config¬ 
uration  to  the  final  one.  As  it  is  evident  from  the  Table, 
the  inclusion  of  relaxation  effects  is  in  general  necessary 
for  a  proper  description  of  impurities  in  nitrides.  In  cases 
when  the  mismatch  between  the  atomic  radii  of  impurity 
and  the  host  atom  is  large,  the  calculated  relaxation  ener¬ 
gies  are  one  order  of  magnitude  greater  than  those  found 


in  typical  III-V  compounds  like  GaAs.  The  most  dras¬ 
tic  case  is  that  of  Goat  in  AIN;  lattice  relaxation  releases 
an  elastic  energy  of  about  7  eV,  increases  the  length  of 
Ge-N  bonds  by  17  %,  and  rises  the  acceptor  level  by  1.3 
eV.  Very  similar  results  are  obtained  for  AlN:Sijv.  The 
calculated  Erei  are  systematically  greater  for  AIN  than 
for  GaN,  reflecting  the  greater  stiffness  of  AIN.  Finally, 
we  observe  that  even  after  the  relaxation,  i.e.,  at  equi¬ 
librium,  the  bonds  around  impurity  remain  strained  (or 
stretched),  which  induces  a  residual  strain  energy.  Sim¬ 
ple  arguments  and  estimates  based  on  the  Valence  Force 
Field  model  [17]  show  that  the  residual  strain  energy  is 
comparable  to  the  relaxation  energy  Ereh  In  other  words, 
only  one  half  of  the  initial  strain  is  released  during  the  re¬ 
laxation.  Large  values  of  the  residual  strain  suggest  that 
formation  of  impurity-native  defect  complexes  could  be 
favored  energetically.  The  implications  of  this  effect  for 
the  stability  of  DX  states  are  discussed  in  Sec.  IV  G. 

IV.  STRUCTURE  OF  DONORS 

In  this  Section  we  consider  the  properties  and  elec¬ 
tronic  structure  of  C,  Si,  and  Ge,  substituting  for  the 
cation  and  becoming  donors  in  both  GaN  and  AIN.  The 
discussion  of  results  is  complicated  by  the  fact  that,  in 
many  cases,  the  ground  state  configuration  depends  on 
the  charge  state  of  the  impurity.  We  analyze  two  pos¬ 
sible  atomic  configurations  of  a  donor.  The  first  one  is 
substitutional,  with  almost  equal  bonds  with  its  nearest 
neighbors.  The  second  configuration  is  of  DX-type  [18]. 
In  this  case,  a  bond  between  the  impurity  and  one  of 
its  first  neighbors  is  broken,  and  one  (or  both)  of  these 
atoms  move  from  substitutional  sites  to  interstitial  loca¬ 
tions.  Fig.  2  shows  a  schematic  configuration  diagram  of 
an  impurity,  which  takes  into  account  both  states,  i.e., 
the  substitutional  one  and  the  DX-like  state  with  a  large 
lattice  distortion.  The  case  (a)  corresponds  to  the  situ¬ 
ation  when  the  DX  state  is  unstable,  and  the  impurity 
comes  back  to  the  substitutional  state  without  an  energy 
barrier.  In  the  case  (b),  the  DX  state  is  higher  in  energy 
than  the  substitutional  state,  but  there  is  an  energy  bar¬ 
rier  between  the  two  states  and  the  DX  configuration  is 
metastable.  The  case  (c)  is  similar  to  (b),  but  the  energy 
of  the  DX  state  is  lower  than  that  of  the  substitutional 
configuration.  Finally,  in  the  case  (d)  the  substitutional 
site  is  unstable,  and  the  transformation  to  the  DX  state 
occurs  with  no  energy  barrier.  As  it  will  be  discussed  in 
the  following,  all  the  possible  situations  (a)-(d)  are  found 
for  the  group  FV  impurities  in  the  nitrides. 

An  additional  complication  comes  from  the  fact  that  in 
the  wurtzite  structure  there  are  two  non-equivalent  DX 
configurations,  for  which  the  broken  bond  is  between  the 
impurity  and  either  the  type-1  or  the  type-2  neighbor. 
They  are  referred  to  as  DXi  and  DX2  variants  in  the  fol¬ 
lowing.  We  have  considered  both  cases  and  found  that 
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their  properties  differ  substantially.  In  particular,  the 
DXi  variant  is  less  stable  than  DX2  for  C“,  and  more 
stable  for  Si“  and  Ge“.  The  properties  of  the  impuri¬ 
ties  are  qualitatively  different  in  GaN  and  AIN,  which  is 
due  in  part  to  the  wider  band  gap  of  the  latter.  Conse¬ 
quently,  the  impurity  states  in  AIN  are  in  general  deeper 
and  more  localized,  and  the  tendency  to  stabilize  the  DX- 
type  geometry  is  more  pronounced  [19].  The  results  are 
summarized  in  Table  11. 

A.  GaN:C 

In  the  case  of  substitutional  C  in  GaN,  the  C-derived 
level  is  a  resonance  situated  at  0.8  eV  above  the  bottom 
of  the  conduction  band.  Its  position  rises  by  1.2  eV  due  to 
relaxation.  For  the  neutral  charge  state  of  the  impurity, 
the  electron  that  should  occupy  the  resonance  autoion- 
izes  to  the  conduction  band,  and  becomes  trapped  on  the 
shallow  level  by  the  Coulomb  tail  of  the  impurity  poten¬ 
tial.  However,  the  DX2  and  the  substitutional  configura¬ 
tions  are  energetically  almost  degenerate.  We  find  that 
the  energy  of  the  DX2  configuration  is  lower  by  about  0.1 
eV  than  the  substitutional  one,  but  this  small  difference 
is  within  the  accuracy  of  our  calculations.  The  DXi  vari¬ 
ant,  is  metastable,  with  energy  higher  than  that  of 
DX2  by  about  0.6  eV  for  all  charge  states.  Therefore,  car¬ 
bon  impurity  in  GaN  corresponds  to  the  case  (b)  and/or 
(c)  in  Fig.  2,  since  the  two  energy  minima  have  almost 
the  same  energy. 

The  atomic  positions  for  the  DX-like  configurations  are 
shown  in  Fig.  1.  In  the  DX2  state,  both  the  host  N  atom 
(denoted  here  by  N*)  and  the  impurity  are  significantly 
displaced  along  the  c-axis.  The  distance  between  both 
atoms  is  about  3  A  in  the  neutral  charge  state,  which 
is  almost  twice  the  nearest  neighbor  distance  (1.62  A  ) 
in  the  substitutional  geometry.  The  final  positions  of 
these  atoms  are  close  to  the  centers  of  ’triangles’  formed 
by  their  neighbors.  As  in  the  DX2  configuration,  in  the 
DXi  variant  both  atoms  are  displaced  from  the  lattice 
sites  and  approach  the  centers  of  triangles  formed  by  their 
neighbors;  the  distance  between  the  two  atoms  is  again  ~ 
3.2  A.  For  both  DX  geometries,  the  C-N*  distance  is  the 
largest  for  the  negative  charge  states,  and  the  shortest  for 
positive  ones.  Considering  the  electronic  structure,  we 
find  that  introduces  a  singlet  at  about  0.3 

(0.6)  eV  above  the  top  of  the  valence  band,  and  another 
singlet  level  at  about  0.4  (0.5)  eV  below  the  bottom  of 
the  conduction  band.  Thus,  Coa  in  GaN  is  a  deep  donor 
when  in  a  DX  configuration. 

B.  GaN:Si 

SiGa  in  GaN  is  a  shallow  effective-mass  donor.  Accord¬ 
ing  to  our  results,  Si  is  unstable  in  both  DX  variants, 


since  there  are  no  energy  barriers  for  the  transition  from 
the  initial  DX-like  configurations,  with  large  lattice  dis¬ 
tortions,  to  the  substitutional  ones.  This  holds  for  both 
the  neutral  and  the  negatively  charged  Si.  Thus,  Si^^  is 
described  by  the  case  (a)  in  Fig.  2. 

C.  GaN:Ge 

Geoay  like  Sioai  is  a  shallow  effective-mass  donor  in 
GaN.  Neither  Si  nor  Ge  introduce  a  resonance  for  ener¬ 
gies  up  to  1.5  eV  above  the  bottom  of  the  conduction 
band.  However,  unlike  Si,  the  negatively  charged  Ge  is 
metastable  in  the  DXi  state,  and  its  energy  is  higher  by 
0.6  eV  than  that  of  substitutional^ Ge^^  (case  (b)  in  Fig. 
2.).  For  the  neutral  charge  state,  the  DXi  configuration 
is  unstable,  and  the  impurity  comes  back  to  the  substi¬ 
tutional  site  with  no  energy  barrier  (case  (a)  in  Fig.  2). 
We  also  find  that  the  DX2  variant  is  unstable  for  both 
the  neutral  and  the  negative  charge  states.  The  geome¬ 
try  of  the  DXi  state  is  different  than  that  obtained  for 
Cq^  ,  The  Ge  atom  is  essentially  located  at  the  lattice 
site,  and  only  the  nearest-neighbor  N*  atom  is  displaced 
along  the  c-axis.  The  Ge-N*  distance  is  2.61  A,  to  be 
compared  with  1.93  A  for  the  substitutional  configura¬ 
tion.  Ge^^^  (— )  introduces  a  singlet,  almost  degenerate 
with  the  valence  band  top,  and  a  second  singlet  about 
0.5  eV  below  the  bottom  of  the  conduction  band. 


D,  A1N:C 

The  ground  state  configuration  of  carbon  impurity  in 
AIN  depends  on  its  charge  state.  For  Cai  in  the  positive 
charge  state,  the  ground  state  is  the  substitutional  con¬ 
figuration,  while  the  DXi  and  DX2  variants  are  higher 
in  energy  by  0.15  and  0.3  eV,  respectively.  Similarly  to 
GaN:C,  for  the  neutral  and  the  negative  charge  states  the 
DX2  variant  is  the  ground  state,  and  its  energy  is  lower 
that  that  of  DXj  by  0.1  and  0.7  eV,  respectively.  Further¬ 
more,  for  both  the  neutral  and  the  negative  charge  states 
the  substitutional  configurations  are  unstable,  and  trans¬ 
form  to  the  DXi  states.  This  situation  is  schematically 
shown  as  case  (d)  in  Fig.  2.  The  atomic  configurations  of 
in  both  DX  variants  are  similar  to  described 
above  and  shown  in  Fig.  1;  both  C  and  N*  move  along 
the  axis  of  the  broken  bond,  and  occupy  positions  close 
to  the  center  of  triangles  of  their  respective  neighbors. 
The  distance  between  them  increases  to  about  3.0  A  (de¬ 
pending  on  the  charge  state),  which  is  almost  two  times 
larger  than  1.62  A  found  for  the  substitutional  case. 

G^z^H“)  introduces  a  singlet  at  about  0.3  eV  above 
the  top  of  the  valence  band,  and  a  singlet  about  1.7  eV 
below  the  bottom  of  the  conduction  band.  The  levels 
introduced  by  are  deeper,  at  about  0.9  eV  above 
the  valence  band  top,  and  at  about  1.6  eV  (for  DXj  and 
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DX§)  and  2.7  eV  (for  DX2 )  below  the  bottom  of  the 
conduction  band. 

E.  AlN:Si 

The  substitutional  configuration  is  the  ground  state  for 
both  the  positive  and  the  neutral  charge  states  of  Si ai  • 
In  this  configuration,  Si  is  an  effective  mass  donor.  The 
DXi(O)  variant  is  higher  by  0.3  eV  than  the  ground  state 
and  the  0X2(6)  variant  is  unstable.  However,  for  the 
negative  charge  state  the  ground  state  is  the  DXi  vari¬ 
ant,  with  the  energy  lower  by  1,4  eV  than  that  of  the 
substitutional  case.  The  DX2(-)  state  is  metastable,  and 
its  energy  is  higher  by  0.95  eV  than  that  of  DXi(~).  The 
atomic  configuration  of  the  DXi  variant  for  in  AIN 
is  shown  in  Fig.  1.  In  this  variant,  the  impurity  remains 
on  the  substitutional  site,  the  N*  atom  is  strongly  dis¬ 
placed  above  the  triangle  of  its  Ga  neighbors,  and  the 
impurity-host  distance  increases  to  3.0  A,  compared  to 
1.88  A  in  the  substitutional  case.  In  the  DX2(-)  vari¬ 
ant,  both  atoms  are  displaced  from  the  ideal  lattice  sites, 
and  the  Si-N*  distance  is  2.93  A.  Si  in  the  DXi(-)  vari¬ 
ant  introduces  a  level  at  about  0.2  eV  above  the  valence 
band  top,  and  at  about  -1.9  eV  below  the  bottom  of  the 
conduction  band. 

F.  AlN:Ge 

Ge>i/(0)  is  a  deep  donor,  with  the  energy  level  located 
at  about  1  eV  below  the  bottom  of  the  conduction  band. 
The  localization  of  the  wave  function  on  Ge  is  accom¬ 
panied  by  a  large  distortion  of  the  atomic  configuration 
around  this  donor;  the  nearest  N  neighbors  relax  out¬ 
wards  increasing  the  61  bond  by  17%,  and  62  by  10% 
relative  to  the  bulk  values.  This  contrasts  with  the  small 
relaxation  found  for  Ge^a  which  is  a  shallow  donor.  For 
the  neutral  charge  state,  both  DX  variants  are  unstable. 
However,  in  the  negative  charge  state  Ge  relaxes  from  the 
substitutional  site  towards  the  DXi  configuration.  The 
DX2(-)  variant  is  unstable.  The  atomic  configuration  of 
the  DXi  variant  for  Gbai  is  similar  to  this  for  Si^^^  in 
AIN  shown  in  Fig.  1.  In  the  DXi  state  the  Ge  atom 
occupies  the  substitutional  site  and  the  N*  atom  is  dis¬ 
placed.  Ge  in  the  DXi(-)  variant  introduces  a  level  at 
about  0.2  eV  above  the  valence  band  top,  and  a  very  deep 
level  at  about  -2.4  eV  below  the  bottom  of  the  conduc¬ 
tion  band.  Finally,  the  calculated  equilibrium  configura¬ 
tion  of  Ge>i«(0)  closely  resembles  the  D"  states  in  III-V 
zinc-blende  semiconductors  with  large  breathing-mode  re¬ 
laxations  [20].  Considering  the  issue  of  D”,  we  observe 
that  a  state  with  a  large  breathing  mode  distortion  is 
a  stable  configuration  of  Ge  in  AIN,  but  in  the  neutral 
charge  state.  However,  in  the  negative  charge  state  this 
configuration  is  unstable,  and  the  impurity  transforms  to 


a  DX  state.  In  GaAs,  the  D  state  is  more  stable  for  Ge 
than  for  Si  [20],  we  have  thus  not  analyzed  this  state  for 
Si. 

From  the  results  of  Subsections  A-F  it  follows  that  in 
all  cases  considered  here,  the  breaking  of  an  impurity- 
host  bond  leads  to  the  formation  of  two  levels  in  the  band 
gap.  To  analyze  structures  of  defect-induced  levels  we 
have  projected  their  wave  functions  onto  atomic  orbitals 
[21].  The  first  level,  denoted  here  by  Li,  is  energetically 
close  to  the  top  of  the  valence  band.  It  is  occupied  by 
two  electrons  for  all  charge  states  of  the  impurity.  It  is 
localized  on  the  displaced  N*  atom,  although  the  degree 
of  localization  strongly  depends  on  the  system,  displaying 
the  ability  of  valence  electrons  to  screen  the  broken  bond. 
The  second,  higher  level,  denoted  here  by  L2,  is  pulled 
down  from  the  conduction  bands  to  the  band  gap.  The 
L2  level  of  the  DXi  variant  is  composed  of  comparable 
amounts  of  the  s  and  pz  orbitals  of  the  impurity,  the  sp^ 
orbitals  of  the  three  N  nearest  neighbors  of  the  impurity, 
and  the  pz  orbital  of  N*.  In  the  DX2  variant,  the  wave 
function  of  L2  is  composed  from  the  s  and  p  orbitals  of 
the  impurity,  and  of  the  triangle  of  N  atoms  around  the 
impurity.  In  contrast  to  DXi ,  the  dangling  bond  of  N* 
does  not  contribute  to  L2. 

The  properties  of  DX  states  of  Si  and  Ge  are  different 
from  those  of  C.  This  difference  may  be  traced  back  to 
the  respective  electronic  structures  of  the  impurities.  In 
the  case  of  Si  or  Ge,  the  degree  of  localization  of  Li  is 
weak,  since  only  about  10-15  %  of  the  wave  function  is 
localized  on  N*.  To  complete  the  screening  of  broken 
bonds  and  stabilize  the  DX  configurations,  two  electrons 
must  occupy  the  L2  level  (which  is  much  more  localized 
than  Li).  In  the  case  of  C,  however,  the  Li  level  is  highly 
localized.  The  contribution  of  N*  orbitals  is  35  %  in  the 
DXi  variant,  and  two  times  greater  in  the  more  stable 
DX2  variant.  Thus,  broken  bonds  are  screened  by  the  Li 
state  to  a  large  extent,  and  the  occupation  of  L2  is  not 
necessary  to  stabilize  the  DX  configurations. 

Another  factor  adding  to  the  stability  of  carbon  in  DX 
configurations  relative  to  the  substitutional  ones  comes 
from  strain  effects.  When  C  substitutes  for  the  much  big¬ 
ger  Ga  or  A1  atom,  the  C-N  bonds  are  highly  stretched, 
because  they  are  shorter  than  the  equilibrium  cation-N 
bonds  by  about  15  %.  This  induces  a  high  excess  strain 
energy  even  after  relaxation,  since  the  C-N  bonds  remain 
stretched.  The  value  of  this  excess  elastic  energy,  esti¬ 
mated  by  the  Valence  Force  Field  model  [17],  is  about 
3  eV.  (Note  that  this  value  is  comparable  to  the  cohe¬ 
sive  energy  per  bond  in  the  host  crystals.)  However,  in 
the  DX  configurations  one  C-N  bond  is  broken,  and  both 
C  and  N’*  are  free  to  relax  and  release  part  of  the  ex¬ 
cess  strain  by  shortening  the  bonds  with  their  neighbors. 
Consequently,  the  C^-J^on“N*  bonds  are  shorter  by  about 
5%  than  the  Ccation-^  bonds  in  the  substitutional  case. 
Moreover,  C^^  forms  a  nearly  planar  configuration  with 
its  neighbors,  see  Fig,  1.  This  geometry  is  additionally 
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stabilized  by  the  tendency  of  C  to  form  planar  sp^  bonds. 
We  notice  that  both  factors  contribute  to  the  stabiliza- 
tion  of  in  the  neutral  charge  state,  and  even  of 

the  positive  Cgo- 

G.  Stability  of  DX  states  in  AUGai-xN  alloys 

The  predicted  stability  of  DX*^  states  for  Si  and  Ge 
in  AIN  has  important  implications  for  the  efficiency  of 
n-type  doping  using  these  species.  The  stability  of  DX" 
states  implies  that  the  reaction 

+  (1) 

is  exothermic.  In  this  case,  the  electrons  are  captured 
on  deep  impurity  levels  (i.e.,  on  the  L2  states  discussed 
above),  and  the  doping  does  not  result  in  a  conducting 
sample.  According  to  our  results,  this  occurs  for  both  Si 
and  Ge  in  AIN.  On  the  other  hand,  Si  and  Ge  in  GaN 
are  excellent  dopants  since  the  DX  states  are  metastable 
or  unstable,  and  the  reaction  (1)  is  endothermic.  These 
species  are  thus  shallow  donors.  These  results  imply  that 
the  doping  efficiency  of  both  Si  and  Ge  in  AlarGai^-xN 
alloys  should  strongly  depend  on  the  alloy  composition. 
In  GaN-rich  samples  Si  and  Ge  are  efficient  donors,  while 
in  the  AlN~rich  limit  the  doping  efficiency  is  quenched 
[22]. 

To  determine  the  crossover  compositions  above  which 
the  low-energy  DXi  variant  is  stable,  we  have  performed 
calculations  for  Al^Gai-^N  alloys  with  x=0.25,  0.5,  and 
0.75.  The  positions  of  the  Ga  and  A1  atoms  in  the  super¬ 
cell  were  chosen  randomly.  However,  even  in  a  random 
alloy,  properties  of  a  given  impurity  atom  depend  on  the 
actual  number  and  distribution  of  Ga  and  A1  atoms  in 
its  surroundings,  and  in  particular  in  the  first  two  shells 
of  its  neighbors.  This  holds  in  particular  for  the  relative 
stability  of  a  DX  configuration  compared  to  the  substi¬ 
tutional  case.  In  the  case  of  Si  or  Ge  substituting  for  a 
cation,  the  first  neighbors  of  the  impurity  are  N  atoms. 
Therefore,  since  the  chemical  disorder  occurs  only  in  the 
second-neighbor  (and  more  distant)  shells  of  the  impu¬ 
rity,  we  do  not  expect  a  substitutional  donor  to  be  very 
sensitive  to  the  actual  surroundings.  However,  the  DXi 
states  may  be  sensitive  to  the  chemical  disorder.  This  is 
because  the  displaced  atom  is  not  the  impurity  but  the 
host  N*  atom.  In  a  DX  state,  N*  is  situated  close  to 
the  center  of  a  triangle  of  three  cations,  which  are  first 
neighbors  of  N*,  and  may  be  3  Ga  atoms,  2  Ga  and  1  Al, 
etc. 

We  have  analyzed  this  effect  for  both  Si  and  Ge  by  con¬ 
sidering  a  few  configurations  of  cations  for  a  given  alloy 
composition.  The  calculated  results  are  shown  in  Fig.  3, 
where  we  compare  energies  of  DXi  states  with  those  of 
the  corresponding  substitutional  cases  [23].  We  see  that 
the  relative  energy  of  the  DX  state  varies  by  about  0.4 


eV  depending  on  the  actual  environment  of  the  impu¬ 
rity.  In  most  cases,  lowering  the  number  of  Ga  atoms  in 
the  ’triangle’  of  first  neighbors  of  N*  stabilizes  the  DX 
state.  The  calculated  magnitude  of  the  alloy  splitting 
of  DX  states  is  somewhat  higher  than  that  measured  for 
AlxGai-xAsiSi  [24].  Interestingly,  the  impurity-induced 
Li  and  L2  levels  are  less  sensitive  to  the  chemical  disor¬ 
der  than  the  total  energy,  since  they  remain  constant  to 
within  '--'0.05  eV  for  a  given  alloy  composition. 

As  a  result  of  the  chemical  disorder,  the  transition  from 
the  Ga-rich  alloys  where  the  DX  states  are  metastable 
(or  unstable),  to  the  Al-rich  alloys  with  the  DX  states 
stable  will  not  occur  at  a  sharp  crossover  composition. 
Instead,  one  expects  a  finite  composition  range  of  the 
order  of  10%,  over  which  the  doping  efficiency  will  grad¬ 
ually  decrease.  From  Fig.  3  it  follows  that  the  crossover 
compositions  of  Al^Gai-^N  are  about  0.3  for  Ge,  and 
about  0.6  for  Si.  Thus,  from  this  point  of  view.  Si  is  a 
donor  superior  to  Ge,  since  it  remains  an  efficient  dopant 
over  a  wider  composition  range. 

H.  Comparison  with  experiment 

We  will  now  compare  our  results  for  C,  Si,  and  Ge 
impurities  with  the  available  experimental  data.  Recent 
investigations  have  shown  that  C  is  an  acceptor  slightly 
more  shallow,  by  about  20  meV,  than  the  commonly  used 
Mg  [4].  To  date,  a  hole  concentration  of  ~  3x10^*^  cm"^ 
was  obtained  using  doping  with  CCI4  in  MOMBE  growth 
[6].  Higher  concentrations  were  not  obtained  since  with 
the  increasing  CCI4  flow  the  growth  rate  is  drastically 
reduced.  One  should  note,  however,  that  the  theoretical 
solubility  of  is  one  order  of  magnitude  higher. 

Experimental  investigations  of  Si  in  GaN  were  recently 
performed  by  Rowland  et  al.  [7].  They  have  shown  that 
up  to  the  concentrations  of  4x10^®  cm"^,  Si  is  incor¬ 
porated  without  self-compensation.  The  high-pressure 
study  of  Wetzel  et  al  [8]  shows  that  Si  remains  a  shal¬ 
low  donor  for  pressures  up  to  27  GPa.  This  suggests  an 
absence  of  a  resonant  state  close  to  the  bottom  of  the 
conduction  band,  and  indicates  that  Si  is  a  hydrogenic 
donor  in  Al^Gai-xN  alloys  with  the  composition  range 
0  <  a:  <  0.3.  No  conclusions  for  higher  values  of  x  can  be 
drawn.  This  also  indicates  that  the  possible  DX  state  is 
much  higher  in  energy  than  in  the  case  of  GaAs,  where 
the  DX  state  of  Si  is  stable  at  pressures  above  2  GPa  [24]. 
Bremser  and  Davis  [5]  have  recently  observed  quenching 
of  doping  efficiency  with  Si  for  compositions  higher  than 
60  per  cent,  which  may  be  due  to  the  stabilization  of  DX 
states.  Both  experimental  findings  [8,5]  agree  with  our 
calculated  properties  of  Si  impurity. 

Experimental  investigations  of  the  AlxGai_xN:Ge 
were  recently  performed  by  Zhang  et  al  [9].  They  find 
that  Ge  is  an  efficient  dopant  for  x<0.2,  which  covers 
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the  whole  composition  range  of  efficient  doping  with  Ge 
predicted  here.  No  data  for  higher  A1  content  were  given. 

We  end  this  Section  with  two  comments.  First,  we  ob¬ 
serve  that  well-known  fingerprints  of  the  (met a)  stability 
of  DX  states  are  the  so-called  persistent  effects,  e.p.,  per¬ 
sistent  changes  in  conductivity  induced  by  illumination 
of  a  sample  cooled  in  darkness.  They  occur  when  both 
the  substitutional  and  the  DX  configurations  of  a  neg¬ 
atively  charged  impurity  are  local  minima  separated  by 
an  energy  barrier,  which  allows  for  a  metastable,  non¬ 
equilibrium  distribution  of  electrons  between  the  two 
states  to  exist.  This  corresponds  to  the  cases  (b)  and 
(c)  in  Fig.  2.  One  should  observe  that  the  conditions 
for  the  persistent  effects  can  be  different  from  those  lead¬ 
ing  to  quenching  of  the  doping  efficiency,  which  takes 
place  in  situations  (c)  and  (d)  in  Fig.  2.  Thus,  the  two 
effects  take  place  in  different  regimes  of  alloy  composi¬ 
tion.  According  to  our  results,  two  minima  exist  for  C, 
Si,  and  Ge  in  Alg^Gai-arN  alloys  with  appropriate  compo¬ 
sitions,  which  may  be  estimated  from  Table  II  and  Fig. 
3.  In  particular,  persistent  effects  for  Ge  and  C  may  only 
occur  in  the  Ga-rich  regime,  since  in  AIN  the  substitu¬ 
tional  configurations  are  unstable,  and  both  impurities 
undergo  a  transformation  to  the  DXi  variant  without 
an  energy  barrier.  Si“  in  GaN  and  Ga-rich  Ala^Gai-xN 
alloys  is  unstable  in  the  DX  state,  and  thus  persistent 
effects  may  only  occur  for  A1  contents  higher  than  about 
25  %.  To  our  knowledge,  such  effects  were  not  reported 
for  AlajGai^a;N  alloys  for  the  dopants  considered  here. 

The  second  comment  concerns  shallow  effective  mass 
donors  in  Ala;Gai--xN  alloys.  The  doping  efficiency  of 
substitutional  Si  and  Ge  decreases  with  an  increasing 
A1  content  because,  as  was  observed  experimentally,  the 
effective-mass  states  become  progressively  deeper  with 
the  increasing  alloy  composition  due  to  both  the  increas¬ 
ing  effective  mass  and  the  decreasing  dielectric  constant. 
We  stress  that  this  effect  is  independent  of  the  stabiliza¬ 
tion  of  the  DX  states  with  the  increasing  A1  content. 

V.  ELECTRONIC  STRUCTURE  OF  ACCEPTORS 

We  shall  now  consider  the  case  when  group-IV  atoms 
substitute  for  N  and  form  acceptors.  The  electronic 
structure  of  acceptors  is  more  complex  than  that  of 
donors.  In  zinc-blende  materials,  acceptor  levels  of 
group-IV  atoms  are  three-fold  degenerate  due  to  the  cu¬ 
bic  symmetry  of  the  host.  In  GaN  and  AIN  with  wurtzite 
symmetry,  the  crystal  field  splits  the  triplet  into  a  doublet 
and  a  singlet.  Here,  the  energy  of  doublet-singlet  split¬ 
ting  is  denoted  by  Esput^  In  all  cases  considered  here,  the 
energies  of  doublets,  Edbj  are  higher  than  those  of  sin¬ 
glets,  E5.  For  the  neutral  charge  state  of  acceptors,  the 
singlet  is  occupied  by  two  electrons,  and  the  doublet  by 
three  electrons.  Both  the  energy  levels  and  the  splitting 
energies  strongly  depend  on  the  impurity.  The  calculated 


values  of  Ed B  for  neutral  acceptors  are  listed  in  Table  1. 
We  find  that  C  is  a  shallow  acceptor  with  Ebb =0.2  eV 
in  GaN,  and  deeper  (Ebb=0.5  eV)  and  more  localized  in 
AIN.  The  doublet-singlet  splitting  Esput  is  about  0.2  eV 
in  both  materials.  In  contrast,  both  Si  and  Ge  are  deep 
acceptors.  For  Si(Ge)  in  GaN  we  find  Ebb =1-2  (1.35) 
eV  and  Esput— 0.6  (0.6)  eV.  In  AIN  the  binding  energies 
are  even  higher,  with  Ebb=2.0  eV  and  E8piit=0.65  eV 
for  Siiv,  and  Ebb=2.1  eV  and  E5pHt=0.65  eV  for  Gejv- 
From  these  results  it  follows  that  the  incorporation  of  Si 
and  Ge  on  the  N  sites  does  not  result  in  p-type  samples; 
this  situation  is  dissimilar  to  that  in,  e.g.,  GaAs,  where 
both  Si  and  Ge  are  shallow  acceptors. 

According  to  our  results,  the  energy  levels  of  Si  and 
Ge  are  similar,  but  they  are  qualitatively  different  from 
those  of  C.  These  differences  are  due  to  both  different 
atomic  energies  of  p  orbitals,  which  are  about  1  eV  lower 
for  C  than  for  Si  and  Ge,  and  differences  in  atomic  radii, 
which  affect  both  atomic  relaxations  and  the  energies  of 
the  impurity  states. 

VI.  FORMATION  ENERGIES  AND 
COMPENSATION  EFFECTS 

The  concentration  of  an  impurity  at  thermodynamic 
equilibrium  is  given  by 

[COTIC]  =  Nsites^^piSforml^B  ~~  Eformlt^BT)j  (2) 

where  Ngites  (equal  to  36  atoms  in  a  72-atom  cell)  is  the 
concentration  of  atomic  sites  and  Sform  is  its  formation 
entropy,  which  is  typically  about  4-8 

The  formation  energy  of,  e.p.,  Si  in  GaN  in  a  charge 
state  q  is 

Eformiq)  =  Etot{q)  ~  ^GapGa  “  PSi  "I"  Q^F j 

(3) 

where  Etot  is  the  total  energy  of  the  supercell  with  the  im¬ 
purity,  no  a  and  nj^  are  the  numbers  of  Ga  and  N  atoms 
in  the  supercell,  p  is  the  chemical  potential,  and  Ep  is 
the  Fermi  energy.  The  chemical  potentials  depend  on  the 
source  of  atoms  involved  in  the  process,  and  therefore  on 
the  actual  experimental  situation.  At  equilibrium, 

PGa  -b  PN  =  PGaN  =  PGa(bulk)  +  PN2  +  AH'/ (GaN),  (4) 

where  AH/  is  the  heat  of  formation,  which  is  negative  for 
a  stable  compound.  The  highest  possible  concentration 
of  a  given  dopant  is  obtained  at  the  site  of  its  lowest 
formation  energy,  see  Eq.  (2),  and  at  the  highest  level  of 
the  chemical  potential  at  the  source  of  the  dopant  atoms. 
For  C  doping,  we  have  assumed  that  the  source  is  an 
elemental  solid,  i.e.  graphite,  which  sets  the  correct  upper 
bound  for  pc?.  Consequently,  the  values  of  the  formation 
energies  of  both  Coa  and  Civ  change  by  the  value  of 
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the  heat  of  formation  of  GaN  between  the  two  extremal 
conditions  of  growth,  the  Ga-rich  and  the  N-rich  limits. 
For  Si  and  Ge  doping,  the  possible  formation  of  Si3N4  and 
Ge3N4  stable  alloys  lowers  the  upper  bound  of  fj.  due  to 
an  additional  constraint  [25]  on  the  chemical  potentials, 
e.g.: 

3//si  +  4AiN  =  ^513 iV4  =  3Msi(buik)  H-  4^N2  +  AH/ (523^4  )• 

(5) 

By  combining  Eqs.  (3-5)  we  find  that  the  chemical  po¬ 
tential  of  Si  depends  on  the  conditions  of  growth: 

Msi  =  Msi(buik)  +  (l/3)AJ?/(Si3iV4)  -  m)AHjiGaN) 

(6) 

for  Ga-rich  limit,  and 

MSi  =  /^Si(buik)  +  (1/3)AH/(523H4)  (7) 

for  the  N-rich  limit.  Therefore,  for  the  N-rich  case,  the 
upper  bound  of  fxs\  is  always  reduced.  This  result  is  due 
to  the  fact  that  in  the  presence  of  excess  nitrogen  sili¬ 
con  atoms  form  the  stable  compound  Si3N4.  The  upper 
bound  of  fis’i  is  reduced  form  its  bulk  value  also  for  the 
Ga-rich  case  (Eq.  7),  since 

(l/3)AH/(523iV4)  -  (4/3) AH/ (Ga AT)  <  0.  (8) 

However,  for  GaN:Ge,  AlN:Si,  and  AlNiGe  in  the  cation- 
rich  limit,  the  relation  analogous  to  (8)  is  not  fulfilled, 
and  the  corresponding  upper  bounds  are  not  reduced 
from  their  bulk  values. 

The  calculated  formation  energies  are  given  in  Table 
III  [26].  As  follows  from  the  Table,  C  is  preferentially 
incorporated  on  the  anion  sublattice  (except  for  the  N- 
rich  limit  in  AIN,  where  the  formation  energies  of  Cai  and 
Cjv  are  comparable),  while  both  Si  and  Ge  substitute 
for  cations.  These  results  are  simply  explained  by  the 
presence  of  residual  strain  energy  when  the  mismatch 
between  the  host  and  the  impurity  atoms  is  large.  In 
these  cases,  the  excess  strain  energy  is  of  the  order  of  a 
few  eV,  as  pointed  out  in  Sec.  III.  However,  as  we  show 
below,  charge  transfer  effects  may  overcome  this  effect. 

Formation  energies  listed  in  Table  III  are  those  of  neu¬ 
tral  impurities.  In  the  case  of  charged  impurities,  for¬ 
mation  energies  are  in  general  reduced  by  electron  trans¬ 
fer  to/from  the  Fermi  level  according  to  Eq.  (3).  Since 
the  energy  gain  may  be  of  the  order  of  the  band  gap, 
the  formation  of  charged  defects  is  of  particular  impor¬ 
tance  in  wide  band  gap  materials.  (This  situation  is  sim¬ 
ilar  to  that  of  native  defects,  discussed  recently  in  Ref. 
[27].)  For  the  dopants  considered  here,  the  electron  trans¬ 
fer  effects  may  overcame  the  strain-driven  preference  of 
the  dopant  atom  X  to  substitute  for  the  component  of 
the  similar  size,  rendering  formation  energies  of  Xcation 


and  Xtv  close  to  each  other.  Consequently,  a  simulta¬ 
neous  incorporation  of  X  on  both  sublattices  (i.e.,  self¬ 
compensation)  becomes  possible.  However,  as  we  show 
below,  the  degree  of  self-compensation  strongly  depends 
on  the  conditions  of  growth,  and  may  vary  from  none  to 
total  self-compensation. 

Defect  concentrations  are  also  very  sensitive  to  the 
growth  conditions,  i.e.,  the  temperature  and  the  chemical 
potentials  of  the  species  involved.  For  this  reason,  and 
for  the  sake  of  transparency,  we  have  performed  calcu¬ 
lations  for  a  limited  set  of  parameters,  choosing  various 
extremal  conditions  of  growth  in  order  to  assess  when  an 
efficient  and  non  self-compensated  doping  is  expected  at 
all. 

From  Table  III,  for  Si  and  Ge  in  the  N-rich  conditions 
of  growth  the  difference  of  formation  energies  between 
Xat  and  Xcation  exceeds  the  value  of  the  band  gap.  This 
holds  for  both  GaN  and  AIN.  Therefore,  under  these  con¬ 
ditions,  energy  gain  due  to  charge  transfer  from  donor 
to  acceptor  cannot  overcome  strain-driven  effects,  and 
the  concentration  of  Xcation  is  always  higher  than  that 
of  Xjv,  i.e.,  self-compensation  is  negligible.  We  observe, 
however,  that  in  this  limit  Xcation  donors  can  still  be 
compensated  by  the  dominant  native  acceptors,  which 
are  fcation  vacancies  [27].  In  particular,  the  calculated 
solubility  limit  of  Si  at  800  °C  exceeds  10^°  cm*"^,  but 
the  degree  of  compensation  by  Vgo  is  high,  because  for¬ 
mation  of  cation  vacancies  is  an  efficient  process  in  the 
N-rich  conditions.  Analogous  arguments  hold  for  doping 
of  GaN  with  carbon.  From  Table  III  it  follows  that  un¬ 
der  cation-rich  conditions  of  growth,  the  formation  en¬ 
ergies  of  C cation  larger  than  these  of  Cjv  by  more 

than  the  band  gap.  Thus,  in  this  limit,  carbon  is  a  non¬ 
self-compensated  acceptor.  However,  Cjv  may  be  com¬ 
pensated  by  dominant  native  donors,  which  are  nitrogen 
vacancies  and/or  Ga  interstitials  [27,28]. 

On  the  other  hand,  under  the  opposite  conditions  of 
growth  (i.e.,  the  cation-rich  limit  for  Si  and  Ge,  and 
the  N-rich  limit  for  C),  self-compensation  may  play  a 
dominant  role.  In  the  case  of  GaN:C,  GaN:Ge,  A1N:C, 
AlN:Si,  and  AlNiGe,  a  value  of  the  Fermi  level  exists 
for  which  £^/orm(^^tion)  =  Eform(X^),  at  which  point 
the  concentrations  of  X^ation  Xs  should  be  same. 
This  implies  that  under  equilibrium  conditions  doping 
with  group  IV  atoms  should  lead  to  self-compensation 
and  pinning  of  the  Fermi  level.  For  Si  in  GaN,  however, 
self-compensation  effects  are  not  expected  except  in  the 
very  Ga-rich  limit.  In  practice,  kinetic  effects  may  limit 
dopant  incorporation  and  thus  allow  for  reasonably  effec¬ 
tive  doping. 

We  end  this  Section  by  comparing  our  results  with 
other  theoretical  calculations  for  dopants  in  GaN.  In  Ref. 
[29],  somewhat  higher  formation  energies  for  both  Ccai 
6.5  eV,  and  Sioai  1-2  eV,  were  obtained,  but  they  are 
still  in  a  satisfactory  agreement  with  the  present  work 
[26].  Fiorentini  et  al  [30]  have  studied  potential  accep- 
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tors  in  GaN.  Considering  Civ,  they  find  that  its  accep¬ 
tor  level,  Eacc=0.65  eV,  is  deeper  than  what  is  obtained 
here,  and  the  formation  energy  E/orm=4.2  eV  is  higher 
than  our  value  of  2.8  eV.  Also,  Si^v  with  Eacc=l-97  eV, 
is  predicted  to  be  deeper  by  about  0.8  eV  than  what  we 
find,  while  E/orm=5.5  eV  at  N-rich  conditions  is  lower 
than  our  value  of  6.9  eV.  A  comparison  of  Table  1  from 
Ref.  [30]  with  Table  I  of  this  work  shows  that  the  relax¬ 
ation  effects  predicted  here  are  somewhat  larger  for  both 
dopants;  e.p.,  for  Siiv,  Fiorentini  et  al  find  Ai=12.0 
%,  and  Erei=3.4,  while  our  respective  values  are  13.6  % 
and  3.9  eV.  These  differences  may  be  due  to  a  larger  unit 
cell  used  in  the  present  work,  which  allows  for  a  greater 
magnitude  of  atomic  relaxations,  and  possibly  differences 
in  the  atomic  pseudopotentials.  Sicatfon  donors  have  re¬ 
cently  been  investigated  by  Mattila  and  Nieminen  [31]. 
They  consider  cubic  GaN  and  AIN,  which  makes  the  com¬ 
parison  less  direct.  However,  their  results  for  GaNrSi  are 
close  to  ours:  Sioa  is  a  shallow  donor,  and  its  E/orm 
=1.6  eV  is  in  an  acceptable  agreement  with  our  value. 
The  discrepancies  are  somewhat  larger  for  Si  in  AIN.  In 
particular,  their  E/orm  is  lower  than  our  value  by  about 
1.0  eV.  Moreover,  they  find  Si  to  be  a  deep  donor.  The 
inward  relaxation  of  nearest  neighbors  for  Si*^  is  similar 
to  that  found  here.  The  pronounced  asymmetry  of  the 
atomic  relaxation  around  Si]^p  i.e.,  the  elongation  of  the 
bond  with  one  NN  by  12  %,  and  the  shortening  of  the 
three  remaining  bonds,  may  be  a  precursor  of  the  sta¬ 
bilization  of  the  DX  configuration  that  we  find  in  the 
wurtzite  AIN;  however,  DX-like  states  with  large  lattice 
relaxations  were  not  analyzed  in  Ref.  [31]. 

VII.  FORMATION  OF  NEAREST-NEIGHBOR 
DONOR-ACCEPTOR  PAIRS 

The  degree  of  self-compensation  may  be  further  in¬ 
creased  by  the  formation  of  donor-acceptor  nearest- 
neighbor  (NN)  pairs.  Formation  of  such  pairs  is  an  inde¬ 
pendent  mode  of  incorporation  of  impurity  atoms.  In 
a  simple  picture  which  neglects  the  coupling  between 
second-neighbor  or  more  distant  pairs,  the  total  concen¬ 
tration  of  an  impurity  X  is  the  sum  of  [Xca«ton]»  [Xiv],  and 
[XX].  The  formation  of  NN  pairs  increases  both  the  sol¬ 
ubility  (as  was  discussed  for  Si  in  GaAs  in  Ref.  [32])  and 
the  degree  of  self-compensation,  but  does  not  change  the 
concentrations  of  conduction  electrons  or  holes.  How¬ 
ever,  the  presence  of  the  pairs  may  significantly  lower 
carrier  mobility  since  they  introduce  an  additional  scat¬ 
tering  channel. 

As  the  result  of  electron  transfer  from  donors  to  ac¬ 
ceptors  in  the  pairs,  both  yi^cation  donors  and  X^v  accep¬ 
tors  are  ionized.  According  to  our  results,  the  binding 
energy  of  a  second-neighbor,  or  a  more  distant  pair  is 
essentially  the  Coulomb  interaction  between  two  point 
charges  embedded  in  the  medium  with  the  appropriate 


dielectric  constant.  However,  the  binding  in  a  NN  pair 
deviates  significantly  from  the  purely  Coulombic  charac¬ 
ter.  This  is  not  surprising,  since  the  picture  of  interacting 
point  charges  should  not  hold  for  NN  pair,  given  the  fi¬ 
nite  extent  of  the  impurity  wave  functions.  We  define  the 
binding  energy  of  a  NN  pair  as 

Epair  ~  FJtvtV  “  *®oo  j  (9) 

where  Eyviv  and  Eoo  are  the  total  energies  of  a  NN  pair 
and  of  a  distant  pair,  respectively.  The  additional  short- 
range  interaction  is  defined  as 

E,r  =  Epair-E^^^„  (10) 

where  E^^^  is  the  Coulomb  energy  of  a  pair  of  point 
charges  separated  by  the  theoretical  NN  distance. 

The  calculated  values  of  Epair  and  Egr^  corrected  for 
the  spurious  interaction  between  pairs  in  different  super¬ 
cells,  are  given  in  Table  IV.  We  have  only  investigated 
the  NN  pairs  oriented  along  the  c-axis.  The  pairing  en¬ 
ergies  are  about  1  eV,  which  is  higher  than  the  Si-Si 
binding  energy  in  GaAs  [32,33],  due  in  part  to  a  smaller 
NN  distance  and  a  smaller  dielectric  constant.  The  addi¬ 
tional  short-range  interaction  Egr  is  always  attractive.  It 
ranges  from  -0.15  eV  for  a  Si-Si  pair  in  GaN  to  -1.0  eV  for 
a  Ge-Ge  pair  in  AIN  (which  is  about  60  %  of  the  binding 
energy).  We  also  see  that  E^^.  is  systematically  larger  in 
AIN  than  in  GaN  by  0.3-0.6  eV.  The  attractive  character 
of  the  short-range  coupling  is  in  part  due  to  the  release 
of  excess  strain,  which  is  more  efficient  for  NN  than  for 
more  distant  pairs. 

The  formation  energy  of  a  NN  pair  is 

Eformi^^)  —  Eformi^^ation)  *®/orm(-Xjy)  +  Epair y 

(11) 

which  is  independent  of  the  Fermi  level  Ej?  for  neu¬ 
tral  pairs,  i.e,,  for  Ea  <  Ep  <  Ed-  The  concen¬ 
tration  of  NN  pairs  is  given  by  Eq.  2,  with  Nsites 
four  times  larger  than  that  for  substitutional  impurities. 
Thus,  [XX]  is  comparable  to  [Xcatton]  or  [Xat]  only  when 

^  TTlQtX^E^  orm  i^tation)^  E'f  orm  {.Xm)]- 

The  concentration  of  NN  pairs  may  be  calculated  based 
on  the  results  from  Tables  I,  III  and  IV.  Due  to  the  fact 
that  C  does  not  form  a  stable  compound  with  N,  the 
concentration  of  C-C  pairs  is  independent  of  the  condi¬ 
tions  of  growth.  We  find  that  pairing  of  C  is  negligible 
in  GaN,  but  can  be  important  in  AIN,  especially  under 
N-rich  conditions.  For  both  Si  and  Ge  in  both  GaN  and 
AIN  under  the  N-rich  conditions,  we  find  that  the  con¬ 
centration  of  NN  pairs  is  negligibly  small  compared  with 
the  concentrations  of  the  isolated  impurities.  However, 
the  pairing  may  be  important  in  the  cation-rich  limit.  In 
particular,  for  Si  in  GaN  that  the  concentration  of  NN 
pairs  is  comparable  to  that  of  [Sioa]  and  [Si^v]  in  the  Ga- 
rich  limit.  In  AlN:Si,  most  of  Si  impurities  form  pairs 
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under  the  Al-rich  conditions.  Finally,  in  the  caise  of  Ge 
in  GaN,  [Ge-Ge]  is  smaller  by  one  order  of  magnitude 
that  [Geoa]  and  [Ge^v],  but  in  AIN  the  concentration  of 
Ge  pairs  is  close  to  that  of  isolated  Ge  impurities  in  the 
Ahrich  limit. 

The  electronic  structure  of  the  nearest-neighbor 
^tation'^'^N  similar  to  that  of  distant  Xcation+ 

and  Xjf  impurities,  the  main  modification  being  a  factor 
of  two  increase  in  the  doublet-singlet  splittings.  More 
specifically,  in  GaN  Espiu  is  about  0.4,  1.0,  and  1.05  eV 
for  C-C,  Si-Si,  and  Ge-Ge  pairs,  respectively.  For  AIN, 
the  splitting  increases  to  about  0.7,  1.4,  and  1.35  eV  for 
C-C,  Si-Si,  and  Ge-Ge  pairs,  respectively.  This  effect  is 
due  to  the  close  proximity  of  the  Xcation  donor,  located 
along  the  c-axis  relative  to  the  acceptor  X;v*  The  pres¬ 
ence  of  the  donor  enhances  the  non-equivalence  between 
the  z-symmetry  singlet,  pulled  down  by  the  donor  poten¬ 
tial,  and  the  (x,  t/)-symmetry  doublet. 

VIII.  SUMMARY 

In  summary,  we  have  investigated  doping  properties  of 
C,  Si,  and  Ge  in  wurtzite  GaN,  AIN,  and  AlxGai-^N  ran¬ 
dom  by  Quantum  Molecular  Dynamics.  Incorporation  of 
impurities  on  both  cation  and  N  sublattices  was  consid¬ 
ered.  We  have  analyzed  effects  that  could  potentially 
limit  the  doping  efficiency,  namely:  (i)  stabilization  of 
donors  in  DX  configurations,  (ii)  self-compensation  due 
to  the  simultaneous  incorporation  of  impurities  on  both 
sublattices,  and  (iii)  the  formation  of  nearest-neighbor 
donor-acceptor  pairs.  In  cases  when  the  atomic  radii 
of  the  impurity  and  of  the  substituted  host  atom  are 
substantially  different  {e,g.  Coa^  or  Si^r),  the  effects  of 
atomic  relaxations  around  the  impurities  and  the  induced 
strain  strongly  affect  both  the  impurity  levels  and  the  for¬ 
mation  energies.  However,  the  strain-driven  preference  to 
substitute  for  the  host  atom  with  a  similar  size  may  be 
overcome  by  the  energy  gain  due  to  electron  transfer  be¬ 
tween  a  donor  and  an  acceptor.  If  this  is  the  case,  doping 
at  equilibrium  conditions  should  lead  to  Fermi  level  pin¬ 
ning,  at  which  point  the  formation  energy  of  the  donor 
becomes  equal  to  that  of  the  acceptor,  and  thus  total 
self-compensation  takes  place. 

We  find  that 

(i)  Civ  is  a  promising  acceptor,  as  it  is  somewhat  more 
shallow  than  the  commonly  used  Mg  [34,4]  and  it  should 
have  a  significantly  greater  solubility  than  atomic  Mg. 
However,  the  presence  of  H  aids  in  incorporation  of  Mg 
[35,36],  although  in  this  case  post-growth  activation  of 
Mg  is  required. 

(ii)  Negligible  self-compensation  and  pairing  effects  are 
expected  for  AUGai-^N  alloys  in  the  Ga-rich  limit,  i.e., 
for  compositions  0  <  x  <  0.4. 

(iii)  in  Al^Gai^aiN  alloys  with  composition  x  <  0.60 
grown  in  the  N-rich  conditions,  Sica^ion  is  an  excellent 


effective-mass  donor;  neither  self-compensation  nor  the 
formation  of  NN  pairs  is  expected.  For  alloys  with  com¬ 
positions  higher  than  about  0.60,  the  DX]"  configuration 
is  stable,  which  quenches  the  doping  eflBciency. 

(iv)  for  the  N-rich  conditions  of  growth,  Gecation  is  an 
excellent  effective-mass  donor  in  AUGai-^N  for  compo¬ 
sitions  lower  than  about  0.3.  For  x  >  0.3,  the  doping  ef¬ 
ficiency  is  quenched  due  to  the  stabilization  of  the  DX]" 
state.  Furthermore,  appreciable  self-compensation  and 
pairing  are  expected. 

Samples  grown  under  the  conditions  opposite  to  those 
specified  above  are  expected  to  be  self-compensated  to  a 
high  degree.  Our  results  for  Si  and  Ge  indicate  that  the 
two  common  n-type  dopants  in  GaN,  Si  and  Ge,  are  not 
shallow  donors  in  AIN  and  Al-rich  alloys;  this  opens  the 
question  of  finding  not  only  efficient  acceptors,  but  also 
appropriate  donors  for  Al-rich  materials. 
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Note  added  in  Proof: 

A  paper  [37]  that  appeared  after  the  present  work  was 
submitted,  also  investigated  the  stability  of  DX  states  of 
Si  and  Ge  dopants  in  wurtzite  GaN  and  AIN.  This  paper 
analyzed  configurations  with  the  broken  bond  parallel  to 
the  c-axis  (calling  it  7-BB,  an  analog  of  our  DXi  state), 
and  along  one  of  the  three  remaining  bonds  (called  a-BB, 
an  analog  of  our  DX2  state).  The  7-BB  configuration 
considered  in  Ref.  [37]  had  a  displaced  Si  or  Ge  impu¬ 
rity  atom  and  an  almost  non-displaced  host  N  atom.  It 
was  found  unstable  for  both  Si  and  Ge  in  Al^Gai-xN 
alloys.  This  is  in  in  agreement  with  our  results.  The 
configurations  DXi  that  we  have  considered  have  the  re¬ 
verse  displacements,  with  the  impurity  atom  almost  non- 
displaced  and  the  host  N*  strongly  displaced  along  the 
c-axis  (see  Fig.  1  and  Sec.  IV).  This  variant  turned  out 
to  be  metastable  (for  Ge  in  GaN),  or  even  stable  (for 
both  Si  and  Ge  in  AIN,  see  Table  II). 

Turning  to  the  a-BB  (DX2)  variant,  both  we  and  Ref. 
[37]  find  it  unstable  for  Ge  in  Al^Gai-^N  for  all  composi¬ 
tions.  However,  for  Si  the  agreement  is  less  satisfactory: 
Ref.  [37]  finds  that  this  variant  is  metastable  in  GaN, 
and  stable  in  AIN.  We  find  that  this  variant  is  much  less 
stable:  in  GaN  it  is  unstable,  and  in  AIN  it  is  less  stable 
than  DXi  by  0.95  eV.  Our  results  imply  that  the  shallow- 
deep  transition  occurs  at  a  higher  A1  concentration  (c/. 
Section  4H),  which  appears  to  be  supported  by  recent 
experiments  [5].  Finally,  an  impurity  may  have  several 
local  minima  with  large  lattice  relaxations,  as  was  found 
for  CdTe:Cl  [38],  but  the  configuration  shown  in  Fig.  3d 
of  Ref.  [37]  is  too  sketchy  to  allow  for  a  detailed  compar¬ 
ison  with  our  results. 
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Table  1.  Effects  of  atomic  relaxations  around  neutral 
substitutional  impurities:  Ab  is  the  change  of  the  bond 
length,  Ere/  is  the  relaxation  energy,  and  Cimp  is  the  po¬ 
sition  of  the  impurity  level,  with  e.m.  denoting  effective- 
mass  states. 


Ab  (%)  Erel  (eV) 

^imp 

GaN 

Cgo 

-18.1 

1.65 

e.m. 

Sioa 

-5.6 

0.65 

e.m. 

Geoa 

-1.4 

0.25 

e.m. 

Cn 

-2.0 

0.1 

E„+0.2 

Siiv 

13.6 

3.9 

Et;-hl.2 

Gejv 

13.5 

4.1 

E„+1.35 

AIN 

Cai 

unstable 

Sixj 

-3.0 

0.3 

e.m. 

Gbai 

17.2 

0.9 

Ee-l.O 

Cn 

2.0 

0.9 

E„+0.5 

Siff 

17.5 

6.9 

EvH“2.0 

GeN 

17.5 

7.4 

E„+2.1 

Table  11.  Energies  in  eV  of  substitutional  (denoted  by 
subst.)  impurities  on  the  cation  site,  and  of  DX  config¬ 
urations  relative  to  those  of  the  ground  state  (GS);  and 
distances  between  the  impurity  and  the  host  N*  atom. 
Unstable  configurations  are  denoted  by  unst.  See  text 
for  notation. 


dopant 

subst. 

bi(A) 

DXi 

bi(A) 

DX2 

b2(A) 

GaN 

C(+) 

0.05 

1.62 

0.65 

3.05 

GS 

2.85 

C(0) 

0.05 

1.63 

0.60 

3.25 

GS 

2.96 

C(-) 

0.1 

1.62 

0.60 

3.31 

GS 

3.15 

Si(0) 

GS 

1.85 

unst. 

unst. 

Si(-) 

GS 

1.85 

unst. 

unst. 

Ge(0) 

GS 

1.93 

unst. 

unst. 

Ge(-) 

GS 

1.93 

0.60 

2.61 

unst. 

AIN 

C(+) 

GS 

1.62 

0.15 

2.91 

0.30 

2.89 

C(0) 

unst. 

0.05 

2.97 

GS 

3.05 

C(-) 

unst. 

0.7 

2.97 

GS 

3.38 

Si(+) 

GS 

1.85 

Si(0) 

GS 

1.87 

0.3 

2.82 

unst. 

Si(-) 

1.4 

1.88 

GS 

2.98 

0.95 

2.93 

Ge(+) 

GS 

2.07 

unst. 

unst. 

Ge(0) 

GS 

2.26 

unst. 

unst. 

Ge(-) 

unst. 

GS 

2.90 

unst. 
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Table  III.  Calculated  formation  energies  (in  eV)  of  neu^  Table  IV.  Binding  energies  Epair  and  short-range  inter- 
tral  substitutional  impurities  at  cation-rich  and  N-rich  action  energies  Esr  for  nearest-neighbor  impurity  pairs, 
conditions. 


dopant  cation-rich  N-rich 

^pair  (gV)  E. 

,r  (eV) 

GaN 

GaN 

Cca 

5.7 

4.0 

C-C 

-1.1 

-0.2 

Cn 

1.1 

2.8 

Si-Si 

-0.8 

-0.15 

Si^a 

0.9 

1.4 

Ge-Ge 

-1.1 

-0.4 

SIat 

3.0 

6.9 

AIN 

Geoo 

2.3 

2.2 

C-C 

-1.4 

-0.5 

Gejif 

3.1 

6.4 

Si-Si 

-1.3 

-0.7 

AIN 

Ge-Ge 

-1.7 

-1.0 

Cai 

7.7 

3.4 

Cjv 

0.5 

3.8 

Sui 

3.5 

2.3 

Sijv 

2.6 

10.0 

Gcai 

5.1 

2.4 

Gctv 

2.8 

8.7 
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Figure  captions 

Fig.  1.  Atomic  configurations  for  the  non-relatxed  sub¬ 
stitutional  impurity,  and  for  DX  states  of  C  and  Si.  Light 
gray  spheres  -  Ga,  small  black  -  N,  and  medium  gray  - 
impurity  atoms,  respectively. 

Fig.  2.  Schematic  configuration  diagram  of  an  im¬ 
purity,  comparing  energies  of  substitutional  and  DX-like 
states:  (a)  the  DX  state  is  unstable;  in  (b)  and  (c)  both 
substitutional  and  DX  states  are  local  minima  separated 
by  an  energy  barrier;  and  in  (d)  the  substitutional  con¬ 
figuration  unstable. 

Fig.  3.  Energies  of  DXi  states  of  (a)  Si,  and  (b)  Ge 
impurities  in  negative  charge  states  relative  to  the  sub¬ 
stitutional  configurations.  Circles,  diamonds,  triangles, 
and  squares  denote  the  variants  with  3,  2,  1,  and  no  Ga 
neighbors  of  N* . 
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VIII.  Diluent  Gas  Effects  on  Properties  of  AIN  and  GaN  Thin 
Films  Grown  by  Metalorganic  Vapor  Phase  Epitaxy  on 
a(6H)-SiC  Substrates 


Andrew  Hanser,  Colin  Wolden^  William  Perry,  Tsvetanka  Zheleva,  Eric  Carlson,  Philip 
Hardieb,  Robert  F.  Davis 

Department  of  Materials  Science  and  Engineering,  North  Carolina  State  University,  Raleigh, 
NC  27695 

^Department  of  Chemical  Engineering,  Colorado  School  of  Mines,  Golden,  CO,  80401 


Abstract 

Thin  films  of  AIN  and  GaN  were  deposited  on  a(6H)-SiC(0001)  wafers  using 
metalorganic  vapor  phase  epitaxy  (MOVPE)  and  H2  and  N2  diluents.  A  computational  fluid 
dynamic  model  of  the  deposition  process  was  used  to  analyze  the  film  growth  conditions  for 
both  diluents.  Low  temperature  (12  K)  photoluminescence  of  the  GaN  films  grown  in  N2  had 
peak  intensities  and  full  widths  at  half  maximum  of  ~7  meV  which  were  equal  to  or  better  than 
those  films  grown  in  H2.  Cross-sectional  and  plan-view  transmission  electron  microscopy  of 
GaN  films  grown  in  both  diluents  showed  similar  microstrucmres  with  a  typical  dislocation 
density  of  lOVcm^.  Hall  measurements  of  n-type  (Si  doped)  GaN  grown  in  N2  revealed  Hall 
mobilities  equivalent  to  those  films  grown  in  H2.  Acceptor-type  behavior  of  Mg-doped  GaN 
grown  in  N2  was  repeatably  obtained  without  post-growth  annealing.  Secondary  ion  mass 
spectrometry  revealed  equivalent  levels  of  H  in  Mg-doped  GaN  films  grown  in  both  diluents. 


♦Presented  at  the  1997  Fall  Meeting  of  the  Materials  Research  Society,  Nitride  Semiconductors  Symposium, 
Boston,  MA,  USA. 
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A.  Introduction 

Blue  and  green  light  emitting  diodes  based  on  Ill-Nitrides  are  commercially  available,^  and 
the  fabrication  and  room  temperature  continuous  wave  operation  of  nitride-based  short 
wavelength  injection  laser  diodes  with  lifetimes  over  10,000  hours  have  recently  been 
reported?  Additionally,  microelectronic  devices  for  high-temperature,  high-frequency,  and 
high-power  applications  are  being  pursued?’^  Efforts  are  ongoing  to  further  improve  device 
performance  and  to  better  understand  the  factors  which  influence  film  properties. 

In  the  following  sections,  the  results  of  a  computational  fluid  dynamics  model  in  an 
inverted  MOVPE  reactor  similar  to  that  used  in  this  research  for  the  growth  of  Ill-Nitride 
materials  are  presented.  The  stagnation  point  flow  reactor  geometry  approximated  in  our  reactor 
has  the  potential  to  produce  large  area  films  that  are  uniform  in  both  thickness  and 
composition^’?  Under  ideal  conditions  a  flow  field  is  obtained  that  results  in  uniform  heat  and 
mass  transfer  gradients  across  the  deposition  radius.  However,  the  effects  of  buoyancy  and 
finite  geometries  lead  to  the  development  of  thermal  recirculation  flows  that  disrupt  the  ideal 
transport  conditions.  The  model  results  include  analysis  of  the  predicted  heat  and  mass  transfer 
gradients  and  were  applied  to  the  deposition  of  AIN  and  GaN  thin  films  on  SiC  substrates.  The 
gas  flow  structure  and  the  influence  of  the  diluent  gas  on  film  properties  were  investigated.  The 
diluent  gas  usually  constitutes  >  50%  of  the  gas  phase  in  the  reactor.  As  such,  it  essentially 
helps  determine  the  flow  structure  in  the  reactor  and  often  affects  the  decomposition  of  the 
source  species.  The  thermal  conductivity  and  viscosity  of  the  gas  phase  and  the  molecular 
diffusivity  of  species  through  this  phase  are  also  important  in  the  MOVPE  process.  H2  is  the 
primary  diluent  used  in  the  MOVPE  deposition  of  films  of  AIN,  GaN,  and  AlGaN  alloys; 
however,  it  has  been  shown  to  have  deleterious  effects  on  the  incorporation  of  In  in  indium- 
containing  nitride  films.’  The  effect  of  the  diluent  species,  if  any,  on  growth  of  AIN  and  GaN 
are  not  well  known.  The  influence  of  H2  and  N2  diluents  on  the  optical,  electrical,  and 
microstmctural  properties  of  our  AIN  and  GaN  thin  films  is  presented. 

B.  Experimental  Procedures 

Computer  Modeling.  A  computational  fluid  d)mamics  model  was  developed  using  FIDAP, 
a  commercial  software  package  that  employs  the  finite  element  method,  to  obtain  a  better 
understanding  of  the  factors  governing  thin  film  growth  in  our  MOVPE  system  The  velocity 
and  temperature  fields  were  calculated  by  solving  the  following  coupled  conservation  equations 


in  cylindrical  coordinates: 

V(pt))  =  0 

Continuity  Equation 

(1) 

p(a)  •  Vd)  =  -VP  -1-  p,V’\)  +  pg 

Conservation  of  Momentum 

(2) 

pCp  (t)  •  VT)  =  V  •  (kVT) 

Conservation  of  Energy 

(3) 
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The  simplified  energy  balance  neglects  contributions  from  Dufour  effects,  viscous 
dissipation,  radiation,  and  heat  generated  by  reactions.  Fhevious  work  ’  has  shown  that  it  is 
safe  to  ignore  these  effects  under  low  pressure  MOVPE  conditions.  The  calculations  were 
performed  for  a  binary  mixture  of  ammonia  and  the  diluent  gas  (Hj  or  N2).  The  temperature- 
dependence  of  the  transport  properties  were  abstracted  from  the  Sandia  database  ’  and 
included  in  the  simulations.  The  viscosity  and  thermal  conductivity  of  the  mixture  were 
determined  using  the  semiempirical  formula  developed  by  Wilke.”  It  is  appropriate  to  neglect 
contributions  of  the  metalorganic  precursors  as  they  constitute  less  than  0.01%  of  the  mixture. 
Buoyancy  effects  were  included  in  the  momentum  balance. 

The  reactor  geometry  shown  in  Fig.  1  was  simulated  in  the  computer  model.  The  two 
viewports  were  excluded  to  make  the  system  perfectly  axisymmetric.  The  velocity  boundary 
conditions  included  a  zero  velocity  condition  at  the  inlet  and  reactor  walls.  The  velocity  at  the 
substrate  and  susceptor  were  fixed  at  the  rotation  speed  of  30  RPM.  The  boundary  conditions 
included  neither  a  radial  gradient  at  the  centerline  nor  an  axial  gradient  at  the  outlet. 

A  uniform  axial  velocity  across  the  gas  inlet  was  assumed.  This  velocity  profile  was 
achieved  experimentally  following  the  approach  used  to  generate  flat  flames  for  combustion 
studies.”  The  reactants  were  first  passed  through  a  packed  bed  to  ensure  good  mixing.  A 


To  Exhaust 


Figure  1. 


Schematic  of  the  MOVPE  deposition  chamber 


uniform  velocity  profile  was  subsequently  created  by  flowing  the  reactants  through  a  1  inch 
long  honeycomb  structure  created  by  a  packed  array  of  thin  wall,  1  mm  diameter  silica  tubes. 
The  temperature  boundary  conditions  included  in  the  model  were  fixed  temperatures  at  the 
inlet,  reactor  walls  and  susceptor  and  the  absence  of  both  a  radial  gradient  at  the  centerline  and 
an  axial  gradient  at  the  outlet.  A  nonuniform  mesh  employing  nine-node  biquadratic  elements 
was  used  to  divide  the  reactor  geometry  into  discrete  elements.  A  typical  mesh  included  -2000 
elements  which  produced  -20,000  equations  and  unknowns  that  were  solved  using  a 
combination  of  successive  substitution  and  Newton-Raphson  techniques.  All  calculations  were 
performed  at  the  North  Carolina  Supercomputing  Center. 

Film  Growth,  Doping  and  Characterization.  The  AIN  and  GaN  thin  films  were  grown  on 
on-axis  6H-SiC(0001)  substrates  in  an  inverted  flow,  vertical  cold  wall  MOVPE  reactor  similar 
to  the  model  described  in  the  previous  section  and  elsewhere.*^  The  MOVPE  system  was 
operated  under  computer  control  using  a  LabVIEW-based  program  developed  in-house.  The 
substrate  was  heated  to  the  deposition  temperature  under  a  diluent  flow  of  either  H2  or  N2  at 
2.2  standard  liters  per  minute  (slm).  The  deposition  pressure  was  45  Torr.  The  substrate  was 
rotated  continuously  at  approximately  30  RPM  during  deposition.  Nitrogen  was  used  as  the 
carrier  gas  for  the  metalorganic  precursors  in  all  depositions.  Tiimethylaluminum  (TMA)  and 
triethylgallium  (TEG)  were  the  Group  HI  sources,  and  ammonia  (NH3)  was  the  nitrogen 
source.  The  ammonia  was  delivered  to  the  deposition  chamber  through  a  line  separate  from  the 
metalorganic  precursors.  Silane  (Sillj)  diluted  in  H2  was  the  source  for  the  n-type  Si  dopant; 
bis-(cyclopentadienyl)  magnesium  (Cp2Mg)  was  the  source  for  the  p-type  Mg  dopant. 

A  high  temperature  (1 100  ®C)  AIN  film  approximately  lOOOA  thick  was  grown  directly  on 
each  6H-SiC(0001)  substrate  as  the  buffer  layer.  The  GaN  deposition  conditions  were 
optimized  for  each  diluent.  The  flow  rate  of  TEG  in  both  diluent  gases  was  25.0  |jmol/min  and 
the  flow  rate  of  NH3  was  1.6  slm.  The  SiH4  was  introduced  into  the  reactor  at  flow  rates 
between  0.15  and  3.75  nmol/min;  the  Cp2Mg  was  introduced  into  the  reactor  at  flow  rates 
between  0.13  and  0.25  |rmol/min.  After  terminating  the  GaN  growth  the  substrate  was  cooled 
at  a  controlled  rate  to  room  temperature  under  the  flowing  diluent  and  NH3. 

The  photoluminescence  (PL)  properties  of  the  films  were  determined  at  12  K  using  a 
15  mW  He-Cd  laser  (X=325  nm)  as  the  excitation  source.  Transmission  electron  microscopy 
(TEM)  was  performed  at  200  keV  using  standard  sample  preparation  and  imaging  techniques. 
Capacitance-voltage  (CV)  measurements  were  made  using  a  mercury  (Hg)  probe  and  a 
computer  controlled  Hewlett-Packard  4284A  LCR  meter.  Contacts  for  n-type  Hall-effect 
measurements  were  made  using  annealed  Ti/Au  bilayers;  contacts  for  p-type  measurements 
were  made  using  as-deposited  and  annealed  Ni/Au  bilayers.  The  contacts  were  deposited  on  the 
comers  of  7mm  x  7mm  samples  in  the  Van  der  Pauw  geometry.  The  contacts  were  annealed  in 
a  RTA  system  under  flowing  N2  at  600  °C  for  one  minute.  Hall  effect  measurements  were 
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performed  at  room  temperature.  Secondary  ion  mass  spectrometry  (SIMS)  was  conducted 
using  a  Cameca  IMS-6F  system  and  GaN  thin  films  implanted  with  H  and  Mg  as  standards. 

C.  Results  and  Discussion 

Figures  2a  and  2b  show  the  calculated  velocity  contours  and  temperature  contours  obtained 
under  the  deposition  conditions  employed  for  our  MOVPE  reactor  with  the  use  of  H2  and  N2 
diluents,  respectively.  A  60%  diluent  40%  NH3  gas  mixture  was  used  in  the  modeling.  Figure 
2a  shows  the  velocity  contours  for  both  diluents  to  be  similar,  with  minimal  recirculation  cells 
forming  below  the  substrate.  Figure  2b  demonstrates  one  of  the  differences  between  the  two 
diluents.  The  higher  thermal  diffusivity  of  H2  generates  higher  temperatures  further  away  from 
the  substrate,  with  a  temperature  boundary  layer  approximately  1.5  times  as  thick  as  with  the 
N2diluent.  Uniform  temperature  gradients  are  achieved  across  a  majority  of  the  substrate  for 
both  diluents.  In  the  mass  transport  limited  regime,  the  general  conclusions  can  be  extended 
from  heat  to  mass  transfer,  resulting  in  predicted  uniform  transport  of  the  growth  species  to  the 
substrate  across  a  large  area  of  the  substrate.  This  was  experimentally  verified  using  electron 
microscopy,  where  a  film  thickness  uniformity  variation  of  ~5%  was  observed  over  a  2.54  cm 
diameter. 

The  as-grown  GaN  films  had  highly  reflective  surfaces  with  no  visible  pits  or  cracks.  A 
cross-sectional  TEM  micrograph  of  a  1  |i.m  GaN  film  grown  in  H2  is  shown  in  Fig.  3.  The 


a) 

Velocity  Contours 
Hydrogen  Nitrogen 


b) 


Temperature  Contours 
Hydrogen  Nitrogen 


Figure  2.  a)  velocity  contours  of  the  diluent/NHa  fluid  in  the  M(DVPE  reactor  under 
deposition  conditions,  b)  temperature  contours  of  the  diluent/NHa  mixture 
under  deposition  conditions.  Conditions  for  both  figures  were:  Tsubstrate  = 
1000®C,  Psystem  =  45  Torr,  T^et  and  Twaii  =  25®C,  =  250  cm-sec' 
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GaN  has  a  high  concentration  of  defects  near  the  AlN-GaN  interface  which  decreases  with 
distance  from  the  interface.  The  microstructures  of  the  films  grown  in  both  diluents  were  very 
similar. 

Low  temperatiu'e  (12  K)  PL  measurements  were  made  on  GaN  films  grown  in  both 
diluents.  Figure  4  shows  the  PL  spectra  for  undoped  GaN  films  grow  in  N2  diluent.  The 
spectra  for  films  grown  in  N2  were  characterized  by  strong  near  band  edge  (NBE)  emission 
with  a  FWHM  of  6.90  meV  and  “yellow”  emission  levels  that  were  three  orders  of  magnitude 
lower  than  the  NBE  emission.  The  single  feature  of  the  NBE  at  358.4  nm  (3.460  eV)  has  been 


AIN"^- 

6H-SiC  0.3 /<m 


Figvffe  3.  Cross-sectional  transmission  electron  micrograph  of  a  GaN  film  grown  on  an 
AIN  buffer  layer.  Plan  view  TEM  measurements  revealed  a  dislocation  density 
of  ~109  cm'2 


Figure  4.  12  K  photoluminescence  of  GaN  grown  in  a  N2  diluent. 
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attributed  to  an  exciton  bound  to  a  neutral  donor  (12).^^  The  PL  spectra  for  H2  diluent  films 
were  characterized  by  weaker  NBE  emission  and  stronger  yellow  emission  levels,  possibly  due 
to  non-optimized  growth  conditions. 

Undoped  GaN  films  grown  in  both  H2  and  N2  were  too  resistive  for  Hall  measurements. 
Controlled  n-type  doping  with  Si  was  achieved  from  ~5xl0^^  to  ~5xl0**  cm  The  maximum 
room  temperature  Hall  mobility  for  a  1  |i.m  thick  film  was  275  cm  A^-s  at  a  carrier 
concentration  of  1x10*^  cm'^.  Magnesium  doped  GaN  films  deposited  in  a  nitrogen  diluent 
have  repeatably  shown  p-type  behavior  as  determined  by  CV  measurements  without  post¬ 
growth  annealing.  All  films  grown  in  hydrogen  required  a  post-growth  thermal  anneal  to 
achieve  p-type  behavior.  Hall  measurements  on  as-grown  Mg-doped  GaN  samples  grown  in 
N2  revealed  carrier  concentrations  as  high  as  2x10*^  cm'^  and  a  Hall  mobility  of  ~13  cm  A^-s. 
The  as-deposited  resistivites  of  these  films  ranged  between  5-6  Q-cm. 

The  formation  of  Mg-H  neutral  complexes  in  GaN  has  been  proposed  as  the  passivation 
mechanism  for  Mg  acceptors.*'*’*^  As  such,  the  concentrations  of  H  in  undoped  and  Mg-doped 
GaN  films  grown  in  H2  and  N2  diluents  were  investigated  using  SIMS.  Figure  5  shows  the  H 
concentration  as  a  function  of  dopant  concentration  in  Mg-doped  GaN  films  grown  in  N2  and 
H2  diluents.  The  H  levels  for  Mg-doped  films  grown  in  both  diluents  were  ~  1.5  to  2  orders  of 
magnitude  higher  than  those  in  the  undoped  films.  The  H  level  of  the  film  grown  in  the  H2 
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Figure  5.  Hydrogen  concentration  in  Mg-doped  GaN  films  vs.  magnesium  concentration 
for  films  grown  in  N2  and  H2  diluents. 
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diluent  was  on  the  order  of  the  H  levels  in  the  films  grown  in  the  N2  diluent.  Additionally,  the 
H  level  for  the  film  grown  in  H2  was  ~2  orders  of  magnitude  lower  than  the  Mg  level  in  the 
film.  This  would  suggest  that  there  is  not  sufficient  H  to  compensate  all  the  Mg  acceptors. 

D.  Conclusions 

Metalorganic  vapor  phase  epitaxy  was  used  to  deposit  AIN  and  GaN  thin  Hlms  on  on-axis 
a(6H)-SiC(0001)  wafers  using  H2  and  N2  diluents.  A  computational  fluid  dynamics  computer 
model  of  the  deposition  process  was  employed  to  analyze  the  film  growth  conditions  using 
both  diluents.  Low  temperature  (12  K)  photoluminescence  measurements  of  GaN  films  grown 
in  N2  had  peak  intensities  and  full  .ddths  at  half  maximum  of  ~7  meV  which  was  equal  to  or 
better  than  those  obtained  for  films  grown  in  H2.  Transmission  electron  microscopy  of  films 
grown  in  both  diluents  showed  similar  microstructures.  Room  temperature  Hall  measurements 
of  Si  doped,  n-type  GaN  grown  in  N2  revealed  Hall  mobilities  equivalent  to  those  films  grown 
in  H2,  with  a  maximum  value  of  275  cm^A^-s.  Acceptor-type  behavior  of  Mg-doped  GaN 
grown  in  a  N2  diluent  was  repeatably  obtained  without  post-growth  annealing.  Analysis  via 
SIMS  of  Mg-doped  films  grown  in  H2  and  N2  revealed  H  concentrations  on  the  same  order  for 
both  diluents,  and  ~2  orders  of  magnitude  lower  than  the  Mg  doping  level  in  the  films. 

E.  Future  Work 

Future  work  include  further  analysis  of  the  effect  of  the  diluent  on  the  as-grown  acceptor- 
type  behavior  of  Mg-doped  GaN  thin  films.  Further  SIMS  and  PL  analysis  will  be  employed 
with  rapid  thermal  annealing  studies  to  obtain  an  explanation  for  the  acceptor  passivation 
mechanism.  Growth  of  undoped  and  Si-  and  Mg-doped  ALGai.^N  will  be  examined  in  both  H2 
and  N2  diluents  to  compare  doping  ranges  as  a  function  of  AIN  content  in  the  alloy.  GaN  and 
AlxGai.xN  p-n  junction  devices,  as  well  as  Al^Gai.^N/GaN  MESFET  devices  will  be  grown, 
fabricated  and  characterized. 
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Abstract 

Memory  effects  are  reported  in  the  optical  properties  of  GaN  and  AIN  epitaxial  films  grown 
by  atmospheric  pressure  metalorganic  chemical  vapor  deposition.  After  exposing  selected  areas 
of  particular  samples  with  He-Cd  laser  light  (3.8  eV),  a  persistent  and  marked  decrease  was 
observed  in  the  near  band  edge  photoluminescence  (PL)  intensity  emitted  from  these  areas. 
This  effect  has  been  observed  in  epitaxial  films  that  typically  have  a  pyramid-like  hillock 
surface.  This  ability  to  modulate  PL  emission  intensity  at  individual  points  in  these  materials 
can  be  exploited  as  a  method  for  optical  data  storage.  A  means  of  erasing  information  stored 
using  this  effect  has  also  been  investigated  using  lower  energy  (~2  eV)  photons. 

A.  Introduction 

During  the  last  25  years,  considerable  effort  has  been  devoted  to  the  design  of  optical  data 
storage  devices  [1-6].  Despite  the  commercial  success  of  high-density,  magneto-optical  data 
storage  systems,  vigorous  research  activity  continues  regarding  the  development  of  non¬ 
magnetic,  all-optical  storage  media.  Most  of  these  investigations  are  based  on  materials  that  trap 
electrons  at  deep  defects.  Read  and  write  data  transfer  rates  in  electron  trapping  media  should 
be  fast  because  the  process  is  photon-electronic  rather  than  thermal  in  nature.  One  of  the  most 
promising  technologies  is  based  on  electron  trapping  in  alkaline  earth  crystals  doped  with  rare 
earth  elements  [7-9].  A  number  of  investigators  have  also  studied  the  optical  memory  effect  in 
AIN  ceramics  [10]  and  AlGaAs  alloys  [1 1].  In  these  technologies,  information  is  written  when 
photoionization  of  deep  electron  traps  effectively  sensitizes  these  materials  by  creating 
metastable  states  that  modulate  their  electrical  and/or  optical  properties.  The  written  information 
can  be  retrieved  from  these  sensitized  crystals  in  various  ways.  For  example,  when  the 
sensitized  areas  of  the  crystal  are  exposed  to  a  “reading”  laser  beam,  electrons  can  escape  from 
the  traps  and  produce  photons  with  near  band  edge  energy  [7-10]  or  the  beam  can  be  diffracted 
by  a  locally  varying  refractive  index  due  to  variations  in  space  charge  [11].  Another  effect  has 
been  observed  related  to  electron  trapping  in  epitaxial  GaN  and  AIN  that  also  has  potential  to  be 
used  for  optical  data  storage  systems. 
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The  intensity  of  room  temperature  (RT)  near  band  edge  photoluminescence  (PL)  of  GaN  is 
significantly  decreased  at  areas  that  have  been  exposed  to  a  sufficient  dose  of  ultraviolet  (UV) 
radiation,  and  that  this  effect  can  be  reversed  i.e.,  “erased”  with  illumination  of  these  areas  with 
longer  wavelength  laser  light. 

The  investigated  films  were  grown  by  atmospheric  pressure  metalorganic  chemical  vapor 
deposition  (MOCVD)  at  950°C  on  (0001)  sapphire  substrates.  Trimethylgallium  (TMG, 
-10°C)  and  trimethylaluminum  (TMA,  +18°C)  were  used  as  the  column  HI  sources,  ammonia 
(NH3,  100%)  was  used  as  the  column  V  source,  and  nitrogen  was  used  as  the  carrier  gas. 
Following  the  initial  deposition  of  1  -100  A  AIN  buffer  layer  grown  at  700°C  by  atomic  layer 
epitaxy  (ALE),  a  -0.3  p.m  Alo.1Gao.9N  lower  cladding  layer  and  the  1  jxm  GaN  layer  were 
grown  at  950°C.  The  surfaces  of  these  films  have  pyramid-like  hillocks,  that  are  similar  to 
results  of  investigations  of  GaN  grown  by  MOCVD  in  a  nitrogen  ambient  reported  by  Sasaki 
et  al.  [12].  The  resistivity  of  these  films  have  been  estimated  to  be  -1  Q  cm  and  the  films 
exhibit  double  crystal  x-ray  diffraction  (DCXRD)  rocking  curves  of  the  (0002)  plane  that  have 
a  full  width  at  half  maximum  (FWHM)  of  -100  arc  sec.  This  optical  memory  effect  in  AIN 
films  grown  directly  on  sapphire  by  ALE  at  700°C  has  been  investigated. 

The  RT  PL  spectra  of  these  films  has  been  studied  using  a  10  mW  He-Cd  laser  (325  nm), 
which  was  focused  to  a  spot  size  -100  |im  in  diameter.  The  He-Cd  laser  was  used  not  only  for 
PL  excitation  but  also  for  longer  UV  exposures  of  the  sample  that  induced  the  optical  memory 
effect.  A  4  mW  He-Ne  laser  operating  at  632.8  nm  with  a  -1  mm  diameter  spot  size 
(unfocused)  was  used  to  reverse  i.e.,  “erase”  the  optical  memory  effect  that  was  induced  by  the 
He-Cd  laser  beam.  The  samples  were  mounted  on  a  motorized  linear  translation  stage.  For 
studying  the  optical  memory  effect,  PL  measurements  were  typically  performed  by  keeping  the 
He-Cd  laser  beam  focused  at  a  fixed  position  and  moving  the  sample  through  the  beam  at  a 
controlled  rate,  thereby  obtaining  a  spatial  record  of  emitted  PL  at  the  near  band  edge  transition 
energy  (-3.4  eV  for  GaN).  Conventional  PL  spectra  i.e.,  intensity  vs  wavelength,  can  also  be 
measured  with  this  setup  by  keeping  the  sample  stationary  and  scanning  the  monochromator 
over  wavelength. 

The  RT  PL  spectra  of  the  GaN  films  exhibited  intense  near  band  edge  emission  at  3.4  eV 
and  very  weak  yellow  emission  at  2.3  eV.  Prolonged  UV  excitation  of  some  GaN  samples 
resulted  in  a  marked  decrease  of  their  PL  emission  intensity  with  time,  and  this  effect  persisted 
long  after  removal  of  the  UV  excitation.  This  memory  effect  was  illustrated  in  curve  a  of 
Fig.  1,  which  showed  the  decrease  of  near  band  edge  (-  3.4  eV)  PL  emission  intensity  versus 
time  of  He-Cd  laser  excitation.  Curve  b  of  Fig.  1  illustrates  the  timing  and  duration  of  the 
sample  excitation.  The  sample  was  initially  illuminated  for  5  minutes  with  the  He-Cd  laser,  and 
the  PL  emission  decreased  appreciably,  saturating  at  an  intensity  less  than  half  of  the  initial 
measured  intensity.  The  -20  second  delay  of  measuring  the  PL  emission  (curve  a)  from  the 
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GaN  sample  is  related  to  the  stabilization  time  of  the  lock-in  amplifier  after  the  initial  exposure 
of  the  sample  to  the  He-Cd  beam.  After  5  minutes  of  irradiation,  the  He-Cd  laser  was  switched 
off  and  the  sample  was  allowed  to  “recover”  at  RT  in  ambient  light.  The  He-Cd  laser  was 
switched  on  to  make  five  more  measurements  over  a  three-day  period  to  measure  the  PL 
intensity  in  the  recovering  film.  The  laser  was  turned  on  only  long  enough  to  obtain  a  stable 
reading  of  PL  emission,  and  then  immediately  turned  back  off  to  minimize  further  degradation 
of  PL  emission  intensity.  After  a  three-day  period  the  PL  emission  was  still  not  fully  recovered 
with  respect  to  the  initial  measured  intensity. 

The  long  lifetime  of  the  PL  intensity  recovery  in  these  films  constituted  a  memory  effect 
that  can  be  used  to  record  information  over  the  areal  extent  of  the  material.  By  exposing 
selected  points  to  various  doses  of  UV  radiation,  their  subsequent  emission  to  optical  excitation 
can  be  modulated  compared  to  unirradiated  areas.  Figure  2  illustrates  a  demonstration  of  this 
concept  where  8  points,  A  -  H,  all  known  distances  from  one  another  and  lying  on  the  same 
line,  have  been  irradiated  by  focused  He-Cd  laser  light  for  durations  of  10,  5,  10,  2,  2,  5,  1, 
and  1  min.  respectively.  A  baseline  measurement  of  PL  emission  (3.4  eV)  was  made  along  this 
line  before  irradiating  these  points,  as  shown  in  curve  a.  Fig.  2.  It  should  be  noted  that  points 
D  and  E  are  separated  by  ~50  |im,  points  G  and  H  are  separated  by  ~  100  |im,  while  the  other 
points  have  spatial  separations  of  ~1  mm  or  more.  Immediately  following  the  UV  exposure  of 
these  isolated  points,  the  sample  was  scanned  at  a  rate  of  ~  1.5  mm/min  from  a  location  just 
before  point  A  through  point  H  and  PL  emission  was  collected  at  the  near  band  edge  energy  of 
3.4  eV.  The  results  of  this  measurement  are  shown  in  curve  b.  Fig.  2  and  indicate  that  the 
~20  %  decrease  in  PL  emission  intensity  can  be  effectively  “read”  at  each  point  of  this  scan. 
Subsequent  PL  scans  made  after  a  period  of  two  and  three  days,  as  shown  in  Fig.  2  curves  c 
and  d  respectively,  demonstrated  the  persistence  of  this  memory  effect  at  RT.  Since  points  G 
and  H  (-100  p,m  spacing)  can  be  spatially  resolved,  while  points  D  and  E  (-50  |im  spacing) 
cannot,  the  spatial  resolution  was  apparently  limited  by  the  He-Cd  laser  spot  size  (-100  pm).  It 
should  also  be  mentioned  that  when  conventional  PL  spectra  were  measured  at  irradiated  points 
A  -  H,  no  shift  was  observed  in  peak  emission  energy  (3.4  eV)  and  no  change  in  the  FWHM 
of  the  PL  spectra. 

A  preliminary  investigation  was  made  of  whether  or  not  longer  wavelength  radiation  has  an 
influence  on  this  optical  memory  effect.  First,  a  GaN  sample  (-1  fim  thick)  was  written  at  two 
different  points,  separated  by  about  150  |xm,  by  exposing  the  sample  to  He-Cd  laser  light.  The 
PL  intensity  (measured  at  3.4  eV)  was  measured  along  this  linear  region  to  confirm  that  the  PL 
intensity  was  diminished  at  these  two  points,  as  shown  in  Fig.  3,  curve  a.  Next,  a  4  mW 
He-Ne  laser  (632.8  nm)  with  a  1  mm  (defocused)  spot  size  was  used  to  simultaneously 
irradiate  these  two  closely  spaced  points  for  30  minutes.  Within  3  minutes  of  the  He-Ne 
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Figure  1. 


Figure  2. 


Time  dependence  of  room 
temperature  PL  intensity  a1 

(a)  Time  dependence  of  PL  emission  intensity  at  3  A  eV. 

(b)  Timing  and  duration  of  He-Cd  laser  excitation  for  the  PL  measurement  of 
(a). 
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(a)  PL-  emission  intensity  (@  3.4  eV)  vs.  distance  along  the  sample  prior  to 
UV  “writing”  exposure. 

(b)  PL  emission  intensity  (@  3.4  eV)  vs.  distance  along  the  sample 
immediately  after  “writing”  at  points  A-H  with  He-Cd  nm  laser  light  for 
various  durations. 

(c)  PL  scan  similar  to  (b)  made  two  days  after  writing  at  points  A-H. 

(d)  PL  scan  similar  to  (d)  made  three  days  after  writing  at  points  A-H. 
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Figure  3.  PL  emission  intensity  (@  3.4  eV)  vs.  distance  along  sample: 

(a)  After  “writing”  at  two  points  along  the  line  witti  He-Cd  laser  light. 

(b)  Three  minutes  after  irradiating  the  points  with  He-Ne  laser  light. 

(c)  Six  hours  after  irradiating  the  points  with  He-Ne  laser  light. 

irradiation,  another  linear  scan  of  PL  emission  intensity  was  performed  that  exhibited  little 
apparent  change,  as  shown  in  Fig.  3,  curve  b.  However,  6  hours  after  the  He-Ne  irradiation,  a 
second  linear  scan  of  PL  emission  exhibited  a  nearly  uniform  intensity  profile,  shown  in 
Fig.  3,  curve  c,  indicating  that  the  optical  memory  effect  had  been  effectively  erased. 

This  optical  memory  effect  was  observed  in  a  thin  AIN  film  grown  by  ALE  at 
700°C.  Because  the  reduction  in  PL  emission  intensity  with  irradiation  time  was  even  more 
pronounced  than  in  the  aforementioned  GaN  films,  a  slight  variation  in  the  measurement 
method  was  used  to  measure  the  effect  in  the  AIN  film.  To  avoid  overexposing  the  film  and 
loose  the  PL  signal  completely,  an  initial  scan  was  made  by  moving  the  AIN  sample  through 
the  He-Cd  beam  at  a  rate  of  -1.5  mm/min  while  acquiring  the  emission  intensity  vs  wavelength 
data.  This  measurement  approach  limited  the  UV  exposure  of  each  point  on  the  sample  to 
approximately  9  seconds,  assuming  a  laser  spot  size  of  100  p,m,  and  the  resulting  spectra  is 
displayed  in  curve  a  of  Fig.  4.  Curve  b  of  Fig.  4  shows  the  PL  emission  measured  with  the 
sample  held  at  a  fixed  position  during  the  10  minute  monochromator  scan.  While  both  spectra 
exhibit  a  deep  level  peak  at  -3.1  eV,  the  second  scan  with  the  prolonged  UV  exposure  is  30 
times  less  intense  than  that  of  curve  a.  The  yellow  emission  at  2.25  eV  was  not  diminished  by 
the  prolonged  UV  exposure.  It  should  be  noted  that  similar  deep  level  emission  near  3.1  eV 
was  been  observed  previously  from  AIN  and  was  attributed  to  oxygen  impurities  [13]. 
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Figure  4.  PL  intensity  vs.  wavelength  of  an  ALE  grown  AIN  film: 

(a)  Data  taken  by  translating  sample  at  1 .5  mm/min.  under  the  He-Cd  laser 
beam  (9  sec.  of  UV  exposure  per  point), 

(b)  “Standard”  PL  measurement  of  the  same  AIN  film,  where  the  total 
exposure  time  was  10  minutes  during  the  scan  at  a  single  point  on  the  film. 

To  explain  the  phenomena,  it  is  suggested  that  the  effect  is  related  to  donor-like  states, 
probably  due  to  oxygen.  One  of  these  states  is  the  fundamental  state  near  the  conduction  band 
of  GaN.  The  other,  charged  metastable  state  (or  states)  with  their  accompanied  large  lattice 
distortion,  can  produce  nonradiative  recombination  of  excitons  [14].  This  metastable  state  can 
be  created  from  the  fundamental  state  by  trapping  of  an  electron  during  the  He-Cd  laser 
exposure.  The  “lifetime”of  this  metastable  state  appeared  to  be  long,  retaining  its  charge  for 
days.  The  increasing  of  the  density  of  metastable  states  during  He-Cd  laser  exposure  resulted 
in  the  reduction  of  near  band  edge  emission  as  shown  in  Fig.  2.  More  work  is  needed  to  have  a 
better  understanding  of  not  only  the  fundamental  nature  of  these  defect  levels,  but  also  the  role 
that  supposed  oxygen  impurities  and  strain  have  in  their  creation  and  their  relaxation. 

In  conclusion,  a  long  term  optical  memory  effect  was  observed  in  GaN  epitaxial  films 
having  structured,  grainy  surfaces.  This  effect  was  demonstrated  by  “writing”  at  spatially 
resolved  points  with  UV  laser  energy  and  then  “reading”  these  points  by  monitoring  a  decrease 
in  near  band  edge  PL  emission  compared  to  the  unirradiated  area  between  the  points. 
Subsequent  irradiation  of  written  points  with  red  light  appeared  to  erase  the  optical  memory 
effect  after  a  sufficient  delay.  The  potential  applications  of  this  phenomenon  toward  optical 
recording  of  information  was  highlighted. 
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Abstract 

The  microstructures  and  photoluminescence  (PL)  spectra  have  been  determined  for 
InxGai-xN  films  (x  <  -0.23)  grown  on  substrates  of  a(6H)-SiC(0001)  wafer/AlN  buffer 
layer/GaN  heterostructures  by  low  pressure  metalorganic  vapor  phase  epitaxy  at  780°C  using 
nitrogen  as  the  diluent  and  carrier  gas  and  V/m  ratios  as  low  as  2,420.  Indium  droplets  were 
not  observed.  The  InN  content  in  these  films  was  limited  by  the  deposition  pressure  in  the 
system.  The  maximum  InN  content  achievable  at  45  Torr  was  -13%.  Increasing  the  deposition 
pressure  to  90  Torr  increased  the  maximum  InN  content  to  -23%.  Room  temperature  and  12  K 
PL  spectra  of  the  films  revealed  single-feature,  near  band  edge  (NBE)  emission  with  increasing 
full  width  at  half  maximum  (FWHM)  values  with  increasing  In  fraction.  The  PL  NBE  FWHM 
for  an  Ino.23Gao.77N  film  at  12  K  was  103  meV. 
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A.  Introduction 

Gallium  nitride  (GaN)  and  the  related  alloys  InxGai-xN  and  AlxGai-xN  are  the  current 
materials  of  choice  for  the  fabrication  of  light  emitting  diodes  in  the  blue  and  green  regions  of 
the  visible  spectrum  [1]  and  laser  diodes  in  the  blue  and  violet  regions  [2].  In  these  devices, 
InxGai-xN  is  the  active  layer  and  the  wavelength  of  the  emitted  light  is  controlled  by  the  InN 
content  in  the  film.  The  weak  In-N  bond  at  the  surface  and  the  resultant  high  equilibrium  vapor 
pressure  of  nitrogen  [3,4]  as  well  as  the  tendency  to  phase  separate  [5]  are  the  main  difficulties 
in  growing  In-containing  materials.  Films  of  InxGai-xN  with  relatively  high  InN  content 
(>  10%)  and  without  In  droplets  have  recently  been  obtained  by  using  high  In  source  flow 
rates,  high  V/ni  ratios  and  lower  growth  temperatures  [6-8].  The  use  of  N2  as  the  carrier  and 
diluent  gas  instead  of  H2  has  also  been  shown  to  increase  the  InN  ineorporation  in  the  films 
[9,10].  Metalorganic  vapor  phase  epitaxy  (MOVPE)  at  one  atmosphere  of  pressure  has  been 
the  primary  method  of  growth  for  the  InxGai-xN  materials.  Relatively  little  research  using  this 
technique  for  growth  of  these  materials  at  reduced  pressure  has  been  conducted  [1 1,12].  In  this 
letter,  the  growth  and  photoluminescence  (PL)  properties  of  InxGai-xN  films  grown  by  low 
pressure  MOVPE  are  reported. 

B .  Experimental  Procedures 

All  films  were  grown  on  on-axis  a(6H)-SiC(0001)  substrates  using  a  MOVPE  reactor 
described  elsewhere  [13].  A  high  temperature  (1 100°C)  AIN  film  approximately  lOOOA  thick 
was  grown  directly  on  the  substrate  as  a  buffer  layer.  A  1  Jim  thick  GaN  film  was  then 
deposited  as  a  template  for  the  InxGai-xN  films.  The  latter  films  were  grown  for  30  minutes  at 
780°C  using  trimethylindium  (TMI)  and  triethylgallium  (TEG)  as  the  In  and  Ga  sources, 
respectively.  The  TEG  flow  rate  was  3.8  ixmol/min  and  the  TMI  flow  rate  was  varied  between 
5  and  30  |i,mol/min.  N2  was  used  as  the  carrier  and  diluent  gas.  The  NH3  flow  rate  was 
0.082  mol/min  (2  standard  liters  per  minute).  The  growth  experiments  were  conducted  at  45 
and  90  Torr.  The  films  were  characterized  via  scanning  electron  microscopy  (SEM)  using  a 
JEOL  6400  FE  microscope  operating  at  5  keV.  Room  temperature  and  low  temperature  (12  K) 
photoluminescence  (PL)  measurements  were  made  using  a  15  mW  He-Cd  laser  (X=325  nm)  as 
the  excitation  source.  All  film  compositions  were  determined  from  PL  peak  positions  and 
compared  to  published  compositional  values. 

C.  Results  and  Discussion 

The  growth  rate  of  the  InxGai-xN  films  was  approximately  2000A/hr  as  measured  by 
cross-sectional  SEM.  The  surfaces  of  films  with  an  InN  content  <  ~10%  were  smooth  with 
only  a  few  pits  for  film  thicknesses  up  to  1000 A,  the  largest  thickness  observed  in  this 
research.  As  the  InN  content  increased  over  -10%  and  the  thicknesses  of  these  films  increased 
to  over  several  hundred  angstroms,  a  pitted  and  grooved  morphology  was  observed,  as  shown 
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in  Fig.  1 .  This  surface  morphology  could  be  attributed  to  either  strain  in  the  film  or  a  change  in 
the  growth  mode  for  higher  InN  content  films.  The  lattice  parameter  difference  between  GaN 
and  InN  (A/ao)  is  11.2%  [14].  Assuming  no  phase  separation,  as  the  InN  content  of  the 
InxGai-xN  film  increases  the  strain  in  the  film  increases  due  to  increasing  lattice  mismatch 
between  it  and  the  underlying  GaN  layer.  This  increase  in  strain  can  lead  to  a  change  in  the 
growth  mode  from  two-dimensional  (Frank-van  der  Merve)  to  three-dimensional  growth 
(Stranski-Krastanov).  With  this  latter  growth  mode,  the  coalescence  of  islands  leads  to  layer 
formation  and  can  result  in  the  observed  pitted  and  grooved  surface  morphology. 

Under  no  growth  conditions  vere  In  droplets  observed.  Previous  research  [8,15]  has 
indicated  the  necessity  of  using  V/III  ratios  in  the  range  of  5,200-10,000  to  eliminate  the 
presence  of  In  droplets;  however,  InxGai-xN  films  with  approximately  23%  InN  content  were 
grown  in  this  research  with  a  V/m  ratio  of  approximately  2,420. 

The  InN  content  of  the  films  was  a  function  of  reactor  pressure  during  growth.  Figure  2 
shows  the  near  band  edge  (NBE)  emission  peak  positions  at  12  K  for  InxGai-xN  films  grown 
under  varying  TMI  flow  rates  as  a  function  of  reactor  pressure.  At  45  Torr  the  In  incorporation 
in  the  film  increased  linearly  with  increasing  TMI  flow  rate  from  5  to  15  |j,mol/min.  However, 
from  20  to  30  [imol/min  the  InN  content  remained  constant  at  approximately  13%.  At  a  reactor 
pressure  of  90  Torr,  the  hixGai.xN  NBE  emission  increases  linearly  with  increasing  TMI  flow 
rate  up  to  30  jimol/min.  This  difference  in  In  incorporation  is  due  to  the  higher  overpressure  of 
gas  at  the  growth  surface  at  90  Torr  which  reduces  the  ability  of  the  In  to  desorb  from 


Figure  1.  SEM  micrograph  of  the  surface  of  an  lOOOA  Ino.23Gao.77N  film. 
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the  surface.  The  rate  of  desorption  of  the  source  species  from  the  growth  surface  during 
MOVPE  growth  is  a  kinetic  process  which  can  be  represented  by  Eq.  1 : 

r(i  =  kdxnd  (1) 

where  ra  is  the  rate  of  desorption,  kd  is  the  rate  constant,  and  nj  is  the  number  of  atoms  of 
evaporating  species  per  unit  area.  The  rate  constant  kd  is  the  fraction  of  these  atoms  evaporating 
per  unit  time  and  is  a  function  of  the  temperature  and  pressure  of  the  system.  As  the  pressure  is 
increased  at  a  constant  temperature,  kd  will  decrease  and  the  number  of  atoms  desorbing  from 
the  surface  will  be  reduced.  The  la»-ger  number  of  gas  phase  collisions  at  the  InxGai.xN  growth 
surface  due  to  the  increased  system  pressure  at  90  Torr  decreases  the  number  of  In  atoms 
desorbing  from  the  surface,  thus  allowing  more  of  this  species  to  be  incorporated  during 
growth. 

Figure  3  shows  the  12  K  PL  of  GaN  and  InxGai.xN  films  as  a  function  of  x  from 
approximately  0.05  to  0.23.  The  peak  intensities  for  all  the  films  were  on  the  same  order  of 
intensity.  The  compositions  of  the  InxGai.xN  films  were  determined  using  a  least  squares 
linear  fit  to  data  points  from  twelve  published  papers  quoting  InxGai.xN  compositional  values. 
The  FWHM  of  the  band  edge  related  peaks  increased  with  increasing  In  fraction,  possibly  due 
to  an  increase  in  the  number  of  free  carriers  [12]  or  an  increase  in  local  variations  of  the  film 
composition.  The  FWHM  of  the  NBE  peak  for  the  PL  spectra  corresponding  to  an 
Ino.05Gao.95N  film  centered  at  372.4  nm  (3.330  eV)  was  52  meV;  the  analogous  value  for  an 
Ino.23Gao.77N  film  centered  at  428.9  nm  (2.891  eV)  was  103  meV.  The  FWHM  of  the 
reference  GaN  NBE  peak  was  6.90  meV.  No  donor-to-acceptor  pair  (DAP)  recombination  was 
observed  at  12  K.  The  NBE  peaks  showed  some  asymmetry  toward  the  lower  energy  side, 
possibly  due  to  compositional  fluctuations  in  the  films. 


Figure  2.  The  dependence  of  the  photoluminescence  peak  position  at  12  K  of  InxGai.xN 
films  on  MOVPE  growth  pressure  and  TMI  flow  rate. 
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The  room  temperature  (RT)  and  12  K  PL  spectra  for  an  Ino.23Gao.77N  film  are  shown  in 
Figs.  4  a)  and  b),  respectively.  At  RT  the  peak  position  is  at  433.9  nm  (2.858  eV)  and  the 
FWHM  is  174  meV.  The  deep  level  “yellow”  emission  in  the  film  is  weak  relative  to  the  NBE 
emission  and  no  DAP  recombinations  are  observed.  At  12  K,  the  peak  position  shifts  to 
428.9  nm  (2.891  eV)  and  the  FWHM  decreases  to  103  meV.  The  broader  peak  at  RT  is  most 
likely  due  to  a  higher  concentration  of  free  carriers.  The  33  meV  NBE  peak  shift  for  the 
InxGai-xN  film  is  less  than  that  of  GaN  (65.8  meV)  over  the  same  temperature  range  [16]. 

D.  Conclusions 

The  growth  of  InxGai-xN  films  with  x  <  ~0.23  was  achieved  on  substrates  of 
6H-SiC(0001)/AlN  buffer  layer/GaN  heterostructures  by  low  pressure  MOVPE  with  V/III 
ratios  as  low  as  2,420.  Indium  droplets  were  not  observed.  The  InN  content  in  these  films  was 
a  function  of  the  deposition  pressure  in  the  system.  Room  temperature  and  12  K  PL  spectra 
showed  single-feature  NBE  emission  without  DAP  recombinations.  The  FWHM  of  these 
spectra  increased  with  increasing  indium  fraction.  The  FWHM  for  an  Ino.23Gao.77N  film  at 
12  K  was  103  meV. 

E.  Future  Work 

Future  work  includes  deposition  of  InxGai-xN  alloys  with  higher  InN  content  through  an 
investigation  of  additional  growth  parameters,  including  growth  temperature  and  TEG  flow 
rate.  A  TEM  study  of  the  defect  structure  in  luxGai-xN  bulk  films  is  currently  underway. 
Single  and  multiple  InxGai-xN  quantum  well  structures,  as  well  as  frixGai-xN/GaN 
superlattices  will  be  fabricated  to  investigate  their  photoluminescence  and  stmctural  properties. 
Blue  LED  structures  with  luxGai-xN  active  regions  will  be  fabricated,  and  the 
electroluminescence  properties  of  the  devices  will  be  determined. 


Figure  3.  Photoluminescence  at  12  K  of  GaN  and  InxGai-xN  films. 
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Figure  4.  a)  Room  temperature  and  b)  12  K  photoluminescence  spectra  of  an 
Ino.23Gao.77N  film.  Note  the  different  intensity  scales  for  the  two  spectra. 
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Abstract 

InGaN  films  in  the  0-50%  InN  composition  range  have  been  analyzed  for  the  occurrence  of 
phase  separation.  The  0.3  to  0.5  p.m  thick  InGaN  films  were  grown  by  metalorganic  chemical 
vapor  deposition  (MOCVD)  in  the  690  to  780°C  temperature  range  and  were  analyzed  by  0-20 
x-ray  diffraction  (XRD),  transmission  electron  microscopy  (TEM),  and  selected  area 
diffraction  (SAD).  As-grown  films  with  up  to  21%  InN  were  single  phase.  However,  for  films 
with  28%  InN  and  higher,  the  samples  showed  a  spinodally  decomposed  microstructure  as 
confirmed  by  TEM  and  extra  spots  in  SAD  patterns  that  corresponded  to  multiphase  InGaN. 
An  explanation  of  the  data  based  on  the  GaN-InN  pseudo-binary  phase  diagram  is  discussed. 

A.  hitroduction 

The  GaN  material  system  has  been  the  focus  of  much  research  and  development  over  the 
past  several  years,  particularly  since  the  realization  of  Ill-Nitride  based  optoelectronic  devices 
emitting  in  the  blue  to  violet  spectrum.  A  primary  achievement  in  the  race  to  commercialize 
nitride  semiconductors  has  been  the  growth  of  high  quality  InGaN  used  as  the  active  layers  in 
these  high  performance  devices.  However,  in  this  race  for  efficient  light  emitters,  some 
questions  concerning  the  fundamental  aspects  of  this  material  system  have  not  been  answered. 
The  MOCVD  growth  of  InGaN  is  quite  complicated,  especially  for  higher  concentrations  of  In 
in  the  ternary  film  (>20%),  leading  to  the  unfortunate  situation  that  many  of  its  growth 
mechanisms  are  not  understood.  Obviously,  a  better  understanding  of  these  growth 
mechanisms  will  enhance  the  crystal  quality  as  well  as  the  reproducibility  during  production.  In 
this  article,  the  issue  of  phase  separation  in  the  InGaN  ternary  system  is  addressed. 

Phase  separation  was  first  observed  in  InGaN  by  K.  Osamura  et  al}  in  1975  while 
examining  the  x-ray  diffraction  patterns  of  annealed  polycrystalline  samples  in  the  600  to  700°C 
temperature  range.  More  recently,  R.  Singh  et  al.  reported  experimental  evidence  of  phase 
separation  in  molecular  beam  epitaxy  grown  InGaN  using  x-ray  diffraction  and  optical 
absorption  measurements.^  Phase  separation  or  quantum  dots  were  also  observed  in 
Ino.2oGao.8oN  (3  nm)/  In0.05Ga0.95N  (6  nm)  multiple  quantum  well  structures^  using  TEM  and 
energy  dispersive  spectrometry  (EDS).  It  was  found  that  within  the  well  region  of  these 
strained  films  the  In  composition  varied  in  the  range  of  8-20%.  On  the  theoretical  side,  the 
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large  difference  in  interatomic  spacing  between  GaN  and  InN  (-11%)  can  give  rise  to  a  solid 
phase  miscibility  gap.  Ho  and  Stringfellow'*  studied  the  temperature  dependence  of  the  binodal 
and  spinodal  lines  in  the  InGaN  system  using  a  modified  valence-force-field  model  to  predict 
that  at  a  growth  temperature  of  800°C,  the  equilibrium  solubility  of  In  in  GaN  would  be  less 
than  6%.  In  this  study,  bulk  InGaN  films  were  grown  by  MOCVD  in  the  0-50%  InN  alloy 
composition  range  and  analyzed  using  0-26  XRD,  TEM  and  SAD. 

B.  Experimental  Procedure 

InGaN  films  were  grown  on  (0001)  sapphire  substrates  af  atmospheric  pressure  using  a 
specially  designed  reactor  that  has  been  described  elsewhere.^’^  The  pre-growth  treatment 
includes  annealing  under  nitrogen  and  passivating  under  ammonia  at  1050°C  for  15  and 
1  minute,  respectively.  An  AIN  buffer  layer  grown  by  atomic  layer  epitaxy  (ALE),  deposited  at 
700°C  and  100  Torr,  was  followed  by  an  MOCVD  grown  AlGaN  graded  to  GaN  prelayer  at 
950°C  and  750  Torr  for  15  and  10  minutes,  respectively,  with  a  2.5  minute  grading  period 
in  between.  The  details  of  the  growth  conditions  for  the  buffer  layer  are  described  elsewhere.^’* 
Trimethylgallium,  trimethylaluminum,  and  ethyldimethylindium  were  used  as  the  precursors 
with  nitrogen  as  the  carrier  gas  and  hydrogen  injected  to  control  In  incorporation.  The  InGaN 
layer  was  grown  for  1  hour  by  MOCVD  in  the  690  to  780°C  temperature  range  resulting  in  a 
film  thickness  of  0.3  to  0.5  pm.  The  concentration  of  In  in  the  films  was  controlled  by  varying 
the  growth  temperature  and  the  hydrogen  flow  rate. 

C.  Results  and  Discussion 

Figure  1  shows  a  series  of  0-20  XRD  patterns  with  InN%  increasing  from  (a)  to  (d).  The 
In  concentrations  were  determined  by  calculating  the  splitting  between  the  (0002)  InGaN  peak 
position  and  the  (0002)  GaN  peak  position  and  applying  Vegard’s  law.  The  samples  were 
grown  using  identical  growth  conditions  except  the  growth  temperature  of  the  InGaN  epilayer 
was  steadily  decreased  from  (a)  to  (d)  resulting  in  a  steady  increase  in  the  InN%  as  indicated  in 
the  figure.’  Diffraction  patterns  (a),  (b),  and  (c),  corresponding  to  21,  28  and  40%  InN  in 
InGaN,  respectively,  are  typical  diffraction  profiles  for  all  samples  with  40%  or  less 

In  content  and  indicate  single  crystal  InGaN  without  In-metal  on  the  surface.  However, 
when  the  In  content  increases  beyond  40%,  an  additional  peak  appears  which  is  indicated  as 
the  “extra”  peak  in  Figure  1(d)  along  with  a  significant  increase  of  the  count  rate  above 
background  in  the  region  between  the  (0002)  InGaN  and  (0002)  GaN  peaks.  Gaussian 
distribution  functions  were  used  to  deconvolve  the  data  in  Figure  1(d)  with  the  result  that  the 
extra  peaks  corresponded  to  95,  36,  and  14%  InGaN  as  previously  reported.^”  The  95%  InN 
peak  is  represented  by  the  “extra”  peak  while  the  36  and  14%  InN  peaks  are  related  to  the  high 
count  region  in  Figure  1(d).  The  origin  of  these  additional  peaks  will  be  discussed  later. 
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6-20  XRD  patterns  of  bulk  InGaN  epilayers  grown  at  the  growth  temperatures 
and  resulting  in  the  In-content  indicated  in  the  figure.  Note  the  appearance  of  the 
‘extra’  peak  at  31.44®  in  the  film  grown  at  690°C. 
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Figure  2.  (a)  Dark  field  (g=c-axis)  cross-sectional  TEM  image  of  InGaN  with  21  %  InN. 

(b)  [2-1-10]  SAD  pattern  of  the  InGaN  layer  in  (a).  Selected  area  aperture 
revealing  only  the  InGaN  layer  was  used  to  obtain  the  diffraction  pattern. 
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Fig.  2(a)  shows  a  typical  cross-sectional  micrograph  of  a  single  phase  InGaN  film  grown 
at  750°C  with  21%  InN,  The  micrograph  was  taken  under  two  beam  conditions  with  c-axis  as 
the  operating  g-vector.  Fig.  3(a)  shows  a  microstructure  of  a  multiphase  InGaN  film.  Figs. 
2(a)  and  3(a)  are  micrographs  of  the  films  whose  0-20  XRD  patterns  are  represented  in  Figs. 
1(a)  and  (b),  respectively.  Tilting  the  samples  under  the  electron  beam  changes  the  dark 
contrast  from  region  to  region  indicating  the  presence  of  strain  in  the  films.  The  SAD  patterns 
of  the  InGaN  films  are  single  crystalline  as  indicated  by  the  absence  of  rings  as  shown  in  Figs. 
2(b),  and  3(b).  The  SAD  pattern  of  the  21%  InN  film  shown  in  Fig.  2(b)  shows  only  a  single 
set  of  diffraction  spots  indicating  the  single  phase  nature  of  this  film.  Fig.  3(b)  shows  a  SAD 
pattern  of  a  film  with  multiphase  microstructure  in  which  the  diffraction  spots  exhibit  a  split 
which  is  pronounced  in  higher  angle  spots.  The  spots  seem  to  split  into  multiple  satellite  spots, 
one  which  is  weaker  and  is  indicated  by  the  arrow  in  Fig.  3(b).  The  diffraction  pattern  is 
indicating  the  single  crystalline  quality  of  the  multiphase  regions  of  the  InGaN  bulk  film.  The 
splitting  of  the  diffraction  spots  confirms  the  presence  of  at  least  two  phases  in  the 
microstructure.  The  0-20  XRD  pattern  of  the  multiphase  InGaN  film  shown  in  Fig.  3(b)  did 
not  show  additional  peaks  indicative  of  phase  separation  similar  to  Fig.  1(d).  This  discrepancy 
is  due  to  the  sensitivity  of  the  SAD  and  XRD  characterization  techniques.  For  samples  with 
less  than  or  equal  to  40%  InN, 


Figure  3.  (a)  Dark  field  (g=c-axis)  cross-sectional  TEM  image  of  InGaN  with  28%  InN. 

(b)  [01-10]  SAD  pattern  of  the  InGaN  layer  in  (a).  Selected  area  aperture 
revealing  only  die  InGaN  layer  was  used  to  obtain  the  diffraction  pattern. 
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the  volume  of  the  phase  separated  material  is  too  small  to  be  detected  by  XRD  while  SAD  is 
sensitive  enough  to  detect  this  small  volume.  However,  for  samples  with  greater  than  40% 
InN,  the  volume  of  phase  separated  material  has  become  sufficiently  large  to  be  detectable  by 
XRD  as  shown  in  Fig.  1(d). 

Cross-sectional  TEM  microstructural  analysis  of  the  49%  InN  sample  reveals  a  “tweed” 
appearance^  ^  at  higher  magnification  in  the  areas  with  no  strain  contrast.  This  tweed  structure  is 
identified  in  Fig.  4  as  the  regions  in  which  there  appears  alternating  light  and  dark  contrast 
fluctuations  due  to  low  and  high  In-content,  respectively.  This  microstructural  feature  is 
characteristic  of  spinodal  decomposition,  thus,  indicating  its  presence  in  the  GaN-InN  pseudo¬ 
binary  system.  The  black  regions  in  the  micrograph  are  highly  strained  regions.  A  particularly 
well  defined  spinodally  decomposed  region  in  the  micrograph  is  indicated  by  the  arrow  in  the 
lower  left  comer.  EDS  in  the  STEM  mode  of  the  microscope  was  also  used  to  characterize 
these  films.  However,  the  100  A  diameter  probe  spot  size  made  it  impossible  to  distinguish 
between  the  separate  regions  of  modulated  composition  due  to  their  small  size. 

Although  the  theoretical  equilibrium  solubility  of  In  in  GaN  has  been  calculated  to  be  6%  at 
800°C  it  should  also  be  noted  that,  at  this  growth  temperature,  the  spinodal  composition  is  22% 
In  in  GaN.^  Figure  5  shows  the  GaN  -  InN  pseudo-binary  phase  diagram  determined  by  Ho 
and  Stringfellow'*  with  our  experimental  data  superimposed.  In  the  figure,  the  triangles  and 
squares  represent  samples  which  are  single  phase  and  multiphase,  respectively,  as  determine 
by  SAD.  Within  the  metastable  limits  of  the  spinode,  represented  by  the  dashed 


Figure  4.  Dark  field  (g=c-axis)  cross-sectional  TEM  image  of  InGaN  with  49%  InN. 

Note  the  ‘tweed’  appearance  indicative  of  spino^l  decomposition  in  the  lighter 
regions.  The  dark  regions  are  due  to  high  strain. 
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curve  in  Fig.  5,  there  is  no  barrier  to  nucleation  and,  therefore,  the  system  is  unstable  because 
small  fluctuations  in  composition  that  produce  Ga-rich  and  In-rich  regions  will  cause  the  total 
free  energy  to  decrease.  However,  if  the  alloy  composition  lies  between  the  spinodal  limit  and 
the  miscibility  gap  (dashed  and  solid  curves,  respectively)  small  variations  in  composition  lead 
to  an  increase  in  free  energy  and  the  system  is  no  longer  unstable  but  rather  metastable  and 
requires  a  nucleation  and  growth  type  transformation.  Figure  5  indicates  that  the  bulk  grown 
samples  with  less  than  21%  InN  does  not  exhibit  phase  separation  and  are,  therefore,  single 
phase.  This  value  is  within  the  range  of  being  between  the  spinodal  curve  and  miscibility  gap, 
taking  into  account  experimental  scatter*^  and  thus  represent  films  which  are  metastable.  We 
observe  phase  separation  in  samples  with  compositions  of  28%  InN  and  greater  by  SAD  as 
indicated  by  the  squares  in  figure  5.  In  this  region  of  the  GaN  -  InN  pseudo-binary  phase 
diagram  the  alloy  is  unstable  and  ‘up-hill’  diffusion  can  occur  until  the  equilibrium 
compositions  are  reached  which  were  calculated  to  be  In0.06Ga0.94N  and  Ino.92Gao.08N  at  800°C. 
These  calculated  equilibrium  compositions  are  very  close  to  the  Ino.14Gao.86N  and  Ino.95Gao.05N 


Figure  5.  Binodal  (solid)  and  spinodal  (dashed)  curves  for  the  InGaN  system  (Ref.  4). 

Experimental  data  is  represented  by  triangles  (single  phase  by  SAD)  and 
squares  (multiphase  by  SAD)  in  the  figure. 
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compositions  determined  from  figure  1(d)  discussed  earlier  thus  offering  validity  to  the 
thermodynamic  calculations.  The  Ino.95Gao.05N  and  Ino.nGao.geN  peaks  indicate  the  possibility 
of  phase  separation  in  the  film  while  the  Ino.49Gao.51N  and  Ino.36Gao.64N  peaks  represent  non¬ 
equilibrium  phases  which  can  be  a  result  of  the  MOCVD  growth  process.  It  is  well  known  that 
vapor  phase  growth  techniques  are  non-equilibrium  and  can  allow  the  growth  of  alloys  with 
compositions  exceeding  the  solubility  limits.*^ 


D.  Conclusions 

We  have  demonstrated  the  presence  of  phase  separation  using  both  macroscopic  (XRD) 
and  microscopic  (TEM  and  SAD)  characterization  techniques  in  MOCVD  grown  bulk  InGaN. 
A  transition  from  single  phase  to  multiphase  InGaN  occurs  for  as-grown  samples  between  21 
and  28%  InN  in  InGaN  indicated  by  additional  spots  in  SAD.  A  tweed  appearance  is  observed 
due  to  spinodal  decomposition  in  the  GaN  -  InN  pseudo-binary  system.  The  sensitivity  of 
XRD  is  much  less  than  that  of  SAD,  which  was  able  to  show  multiple  spots  for  samples  with 
28%  InN  in  InGaN  whereas  the  observation  of  additional  peaks  in  XRD  did  not  occur  until 
grater  than  40%  InN  in  InGaN.  These  results  agree  with  the  calculated  spinodal  decomposition 
range  by  Ho  and  Stringfellow'*  and  can  be  useful  in  determining  the  limits  of  single  phase 
growth  by  MOCVD. 
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Abstract 

Metal-insulator-semiconductor  (MIS)  capacitors  have  been  fabricated  on  n-type  GaN 
(0001)  films  using  thermally  grown  Ga203,  remote  plasma  enhanced  chemical  vapor  deposited 
(RPECVD)  Si02,  and  molecular  beam  epitaxy  (MBE)  AIN  as  the  gate  insulator  and  A1  as  the 
gate  electrode.  Each  GaN  epitaxial  layer  was  grown  by  organometallic  chemical  vapor 
deposition  (OMCVD)  on  a  6H-SiC(0001)  substrate  on  which  was  previously  deposited  a 
lOOOA  buffer  layer  of  AIN.  Nitrogen-free  polycrystalline  films  of  Ga203  were  grown  on  the 
GaN.  Capacitance-voltage  measurements  of  capacitors  fabricated  from  this  oxide  showed 
distinct  depletion  and  accumulation  regions  with  significant  leakage.  The  AIN  and  Si02 
capacitors  demonstrated  better  electrical  characteristics  than  the  Ga203  because  of  lower 
leakage.  The  RPECVD  Si02/GaN  heterostructures,  in  particular,  showed  good  agreement  with 
the  curves  calculated  for  an  ideal  oxide  and  a  small  amount  of  hysteresis. 

A.  Introduction 

Gallium  nitride  has  physical  and  electronic  characteristics  which  make  it  suitable  for  high 
temperature  and  high  power  devices.^  Metal-insulator-semiconductor-field-effect-transistors 
(MISFETs)  are  of  particular  interest  for  these  applications.  As  such,  a  high  quality  gate 
insulator  is  required.  Metal-oxide-semiconductor  (MOS)  capacitors,  fabricated  using  remote 
plasma  deposited  Si02  on  n-type  GaN,  reportedly  have  low  concentrations  of  both  interface 
traps  and  fixed  charge  at  the  interface.^  A  MISFET  device  has  also  been  fabricated  using  Si3N4, 
deposited  via  plasma  enhanced  chemical  vapor  deposition,  as  the  gate  insulator.  This  device 
exhibited  a  transconductance  of  16  mS/mm  at  30°C  and  1 1  mS/mm  at  200”C.^ 

Native  oxides,  grown  by  consuming  the  substrate  in  an  oxidizing  atmosphere,  are  the  best 
insulators  in  many  field  effect  devices.  A  native  oxide,  identified  by  x-ray  diffraction  as 
monoclinic  P-Ga203,  has  been  grown  on  GaN  at  temperatures  above  750“C.^ 
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Investigations  regarding  the  efficacy  of  three  insulating  materials,  namely,  Ga203,  AIN, 
and  Si02,  as  gate  insulators  in  a  GaN-based  field  effect  transistor  are  detailed  in  the  following 
sections.  Table  I  shows  the  physical  and  electrical  properties  of  these  insulators.  Capacitance- 
voltage  (C-V)  measurements  of  the  MIS  capacitors  fabricated  on  the  GaN  were  used  to 
determine  their  viability  in  FETs. 

B,  Experimental  Procedure 

Silicon-doped,  n-type  (n  «  1-2x10*’  cm'^),  1-1.5  p,m  thick  GaN  epitaxial  layers  were 
grown  via  OMCVD  at  1050°C  and  40  Torr  on  a  lOOOA  AIN  buffer  layers  previously  grown  at 
1100°C  on  on-axis  6H-SiC  (0001)  substrates.  Mercury  probe  C-V  measurements  verified  the 
doping  level.  Details  regarding  the  growth  and  doping  procedures  have  been  previously 
reported.^ 

The  gallium  oxide  films  were  grown  on  the  GaN  films  in  a  closed  tube  furnace.  Prior  to 
growth  each  GaN  film/substrate  assembly  was  cleaned  ex  situ  sequentially  in  trichloroethlyene, 
acetone,  and  methanol  and  submersed  in  a  1:1  HChDI  water  dip.  Residual  carbon,  chlorine, 
and  oxygen  remained  on  the  surface,  as  shown  by  the  Auger  electron  spectroscopy  (AES) 
results  in  Fig.  1.  The  GaN  was  then  placed  on  a  quartz  boat,  inserted  into  a  quartz  tube  fiimace 
which  was  evacuated  and  backfilled  with  oxygen  flowing  through  the  system  at  2500  seem. 
The  oxidation  of  the  GaN  surface  was  investigated  for  times  ranging  from  three-six  hours  at 
700°C,  800”C,  825°C,  900°C,  1000°C.  The  films  were  analyzed  using  electron  dispersion 
spectroscopy  (EDS)  for  composition  and  scanning  electron  microscopy  (SEM)  to  observe  the 
morphology. 

The  AIN  films  were  deposited  on  the  GaN  layers  by  molecular  beam  epitaxy.  The  surface 
of  each  GaN  sample  was  cleaned  prior  to  deposition  ex  situ  in  the  same  manner  as  prior  to  the 
oxide  growth,  and  in  situ  at  800°C  in  a  5  seem  ammonia  flux  for  30  minutes.  All  traces  of 
oxide  were  removed  using  the  latter  procedure,  as  determined  by  x-ray  photoelectron 


Table  I.  Properties  of  the  Selected  Insulators 


Ga203 

AIN 

Si02 

Bandgap(eV@300K) 

? 

6.3 

9 

Dielectric  Strength  (lo’  V/cm) 

? 

0.6  -  1.5 

1 

Dielectric  Constant 

3-6 

8.5 

3.9 

Thermal  Conductivity  W/cm-K 

? 

2.0 

.014 

Density  (g/cm^) 

6.44 

3.2 

2.2 
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spectroscopy  (XPS).  Details  for  cleaning  and  surface  preparation  have  been  reported  in  Ref.  6. 
The  AIN  was  then  deposited  at  a  temperature  of  8(X)°C  for  20  minutes  with  an  ammonia  flux  of 
10  seem. 

The  Si02  deposition  was  performed  in  a  RPECVD  system.  Due  to  the  inability  to  reach 
high  temperatures  with  ammonia  in  this  system,  cleaning  steps  involving  a  nitrogen  plasma 
were  implemented.  The  GaN  samples  were  cleaned  with  the  aforementioned  solvents  and  the 
HC1:DI  water  dip  as  before,  placed  upon  a  Si  wafer  in  the  RPECVD  system,  heated  between 
250°  and  300°C  and  immersed  in  a  nitrogen  plasma.  Varying  plasma  powers  and  system 
pressures  were  used  in  an  attempt  to  remove  all  of  the  surface  contaminates.  A  plasma  power 
of  SOW  at  a  pressure  of  0.1  Torr  for  5  minutes  removed  all  of  the  surface  contaminates  except 
oxygen,  as  shown  in  Fig.  2.  The  oxide  was  deposited  on  the  GaN,  following  a  15  second 
exposure  to  an  oxygen  plasma  using  silane  and  molecular  oxygen  as  the  precursor  gases. 
Details  of  the  growth  and  characterization  of  the  resulting  films  have  been  reported  in  Ref.  7. 
Following  deposition  the  samples  were  annealed  in  a  rapid  thermal  annealing  furnace  under  an 
argon  atmosphere  at  900°C  for  1  minute  to  densify  the  oxide. 


Figtire  1 .  AES  of  as-loaded  GaN  surface  after  ex  situ  clean  described  in  text. 


Figure  2. 


AES  of  GaN  surface  following  SOW  N2  plasma  clean  at  S00°C. 
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Metal  insulator  semiconductor  capacitors  were  fabricated  using  all  three  insulators.  These 
devices  were  fabricated  laterally,  i.e.,  both  the  A1  gate  contact  and  the  A1  ohmic  contact  were 
deposited  via  thermal  evaporation  using  a  shadow  mask  on  the  surface  of  the  structure,  because 
of  the  insulating  AIN  buffer  layer  on  which  of  the  GaN  epilayer  was  grown.  Each  of  the 
Ga203/GaN  stractures  was  partially  masked  with  photoresist  and  reactively  ion  etched  with  SFg 
to  the  GaN  layer  on  which  was  deposited  the  ohmic  contact.  Prior  to  metallization,  each  sample 
was  annealed  rapid  thermally  under  N2O  at  900°C  for  15  seconds.  Capacitance-voltage 
measurements  were  performed  at  1  MHz  with  an  HP  4284A  precision  LCR  meter  in 
conjunction  with  HP  VEE  software.  Additional  capacitors  were  also  fabricated  following  the 
same  procediue  with  the  exception  of  annealing  in  forming  gas  (10%  H2  in  N2). 

The  AlN/GaN  MIS  capacitors  were  fabricated  in  a  similar  manner;  however,  the  ohmic 
contact  was  not  deposited  directly  on  the  GaN.  A  large  area  of  the  AIN  was  covered  with  Al, 
and  the  gate  contacts  were  deposited  on  the  remainder  of  the  AIN.  This  follows  from  the  theory 
that  the  area  of  the  capacitor  created  by  the  large  contact  creates  a  capacitance  in  series  with  the 
MIS  capacitor  which  is  sufficiently  large  that  it  can  be  considered  a  short  circuit.  Capacitance- 
voltage  measurements  were  performed  at  1  MHz  both  in  the  dark  and  following  exposure  to 
UV  light  in  an  attempt  to  generate  minority  carriers. 

The  deposited  Si02/GaN  MIS  capacitors  were  fabricated  in  exactly  the  same  manner  as  the 
AIN  capacitors.  Capacitance-voltage  measurements  were  performed  at  1  MHz  in  the  dark 
following  the  metallization.  The  capacitors  were  subsequently  annealed  in  forming  gas  (10% 
H2  in  N2)  at  400°  C  for  30  minutes,  and  the  C-V  measurements  were  repeated. 

C,  Results  and  Discussion 

Gallium  Oxide.  No  discernible  Ga203  layer  was  detected  by  EDS  or  XPS  below  800°C. 
Films  grown  at  1000°C  had  a  much  rougher  surface  than  those  grown  at  temperatures  closer  to 
800*C,  as  shown  in  Fig.  3  and  5.  Figures  4  and  6  provide  the  EDS  results  which  shows  that 
the  films  contain  oxygen  and  gallium  with  small  nitrogen  peaks,  the  last  due  to  the  underlying 
GaN  layer. 


Figure  3.  SEM  of  Ga203  grown  at  825°C. 
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Figure  4.  EDS  of  Ga203  grown  at  825°C. 


Figure  5.  SEM  of  Ga203  grown  at  1000°C. 
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Figure  6.  EDS  of  Ga203  grown  at  lOOO'C. 

The  MIS  capacitors  discussed  below  were  fabricated  from  the  oxide  grown  at  825’C.  The 
resulting  C-V  demonstrated  accumulation  and  depletion  with  large  leakage.  Additional  data 
from  samples  annealed  in  N2O  and  forming  gas  are  presented  in  Fig.  7  and  corrected  for  420- 
470  Q  of  series  resistance,  likely  due  to  the  lateral  device  stmcture.  The  C-V  measurements  did 
show  distinct  accumulation  and  depletion  regions;  however,  neither  of  the  annealed  samples 
showed  a  reduction  in  the  leakage  current. 
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Voltage  (V) 

Figure  7.  1  MHz  C-V  measurement  of  Ga203/GaN  MIS  capacitors. 

Aluminum  Nitride.  The  AlN/GaN  capacitors  were  theoretically  modeled  using  the 
equations  presented  by  Tsividis.®  The  theoretical  flatband  voltage,  Vfb,  can  be  determined  from 
the  difference  in  the  work-functions  of  the  metal  and  the  semiconductor. 

VFB=(|)m-<t)S  (1) 

Little  information  is  available  concerning  the  work-function  of  GaN;  however  an  electron 
affinity  value  of  4.1  eV  has  been  reported.^  Combined  with  the  4.1  eV  value  of  the  work- 
function  of  Al,  the  theoretical  value  of  VpB  is  zero.  The  effects  of  minority  carriers  are  not 
accounted  for  in  the  calculation  because  in  wide  bandgap  materials  the  generation  rates  of 
minority  carriers  are  extremely  slow  and  lifetimes  very  short.  Casey,  et  al?  reported  a 
generation  rate  of  *4.2x10^*  seconds  and  a  lifetime  of  1x10“*  seconds.  Therefore  the  minority 
carriers  cannot  play  a  role  in  the  C-V  measurements.  The  C-V  measurements,  seen  in  Fig.  8, 
performed  on  the  AlN/GaN  capacitors  showed  a  shift  to  the  left  of  the  flatband  voltage 
indicating  a  net  positive  charge  in  the  insulator  or  at  the  interface.  The  ctuwe  is  also  stretched 
out,  possibly  due  to  interface  traps  located  at  the  interface.  A  value  for  the  density  of  interface 
traps,  of  «lxl0^^  cm‘^  eV‘*  was  obtained  from  the  conductance  method  described  in  Nicollian 
and  Brews.  The  hysteresis  seen  in  AIN  is  different  than  that  is  typically  seen  in  devices  with 
“slow”  donor  traps.  The  devices  were  swept  from  depletion  to  accumulation.  When  the  devices 
were  swept  back  to  depletion,  the  curve  shifted  more  to  the  left  indicating  more  positive  charge 
was  present  than  before.  Further  research  is  being  conducted  to  determine  the  nature  of  the 
traps  and  the  charge  within  the  AIN. 

A  second  sweep  was  done  following  an  exposure  to  UV  light  just  prior  to  the 
measurement.  The  depletion  capacitance  was  higher  than  without  the  exposure  to  the  light,  as 
shown  in  Fig.  9.  When  the  capacitor  was  swept  back  from  accumulation  to  depletion  the  curve 
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crossed  over  the  sweep  from  depletion  to  accumulation  thus  indicating  the  generation  of 
minority  carriers  within  the  GaN  bulk.  Both  curves  were  corrected  for  a  series  resistance  of 
235  Q. 

Silicon  Dioxide.  The  same  theoretical  model  used  for  the  AlN/GaN  capacitors  was 
employed  for  the  SiOa/GaN  capacitors.  Figure  10  shows  that  the  measured  values  and  resulting 
curve  closely  agree  with  the  theoretical  model.  The  small  amount  of  stretch-out  and  hysteresis 
is  believed  to  be  due  to  interface  traps.  It  is  also  believed  that  the  gallium  oxygen  bonding  is 
associated  with  the  hysteresis,  since  this  oxide  does  not  exhibit  hysteresis  on  silicon.  The  areal 
density  of  traps  estimated  from  the  hysteresis  in  the  C-V  prior  to  post  metallization  annealing 
was  5.6x10*^  cm'^;  following  the  anneal  the  density  was  reduced  to  2.4xl0”  cm'^.  The  curves 
were  corrected  as  before  for  a  series  resistance  of  »300i2. 

D.  Conclusions 

The  deposition  and  C-V  characteristics  of  Ga203,  AIN,  and  Si02  on  GaN  MIS  capacitors 
have  been  investigated.  Depletion  and  accumulation  were  achieved  in  the  Ga203;  however. 


Voltage  (V) 


Figure  8.  Comparison  of  measured  and  theoretical  C-V  data  for  an  AlN/GaN  capacitor. 
Measurement  conducted  at  IMHz  in  the  dark 
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Figure  9.  Comparison  of  measured  and  theoretical  C-V  data  for  AlN/GaN  capacitor. 
Measurement  conducted  at  IMHz  following  30  sec.  UV  exposure. 
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Figure  10.  Theoretical  and  measured  C-V  curves  of  an  Si02/GaN  capacitor  prior  to 
annealing.  Measurement  taken  at  1  MHz . 


Voltage  (V) 

Figpre  1 1.  Theoretical  and  measured  C-V  ctuves  of  an  Si02/GaN  capacitor  following  an 
anneal  at  400*C  in  forming  gas.  Measurement  taken  at  1  MHz. 

better  performance  was  achieved  in  the  AIN  and  the  Si02.  A  better  understanding  of  the 
optimum  process  route  and  the  characterization  of  the  resulting  film  must  be  achieved  before 
being  used  in  MIS  structures.  The  AlN-based  capacitors  were  significantly  better  than  the 
GaaOs  because  of  the  lower  leakage;  however,  the  films  are  not  of  device  quality.  The  large 
amount  of  hysteresis  and  charge  in  the  structure  must  be  eliminated.  The  Si02  films  showed  the 
most  promise  as  an  insulator  in  GaN  FETs.  The  Si02  also  has  many  advantages  over  the  AIN 
as  a  result  of  the  lower  deposition  temperatures  and  ease  of  processing.  The  electrical 
characteristics  of  the  Si02-based  capacitors  were  superior  to  the  other  insulators  studied  in  this 
research.  Additional  investigations  regarding  surface  preparation  of  the  GaN  and  the  deposition 
conditions  for  the  Si02  should  provide  both  an  improved  insulator  and  effective  utilization  of 
the  unique  combination  of  physical  and  electronic  properties  of  GaN  in  MISFET  devices. 
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E.  Future  Work 

Studies  of  the  AlN/GaN  and  the  SiOi/GaN  MIS  structures  will  continue  along  with  studies 
of  Si3N4/GaN  structures.  MISFET  devices  utilizing  the  above  insulating  materials  will  be 
fabricated  and  characterized. 
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